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Abstract
We study experimental and cosmological constraints on the extension of the Stan-
dard Model by three right handed neutrinos with masses between those of the pion
and W boson. We combine for the first time direct, indirect and cosmological con-
straints in this mass range. This includes experimental constraints from neutrino
oscillation data, neutrinoless double β decay, electroweak precision data, lepton uni-
versality, searches for rare lepton decays, tests of CKM unitarity and past direct
searches at colliders or fixed target experiments. On the cosmological side, big bang
nucleosynthesis has the most pronounced impact. Our results can be used to eval-
uate the discovery potential of searches for heavy neutrinos at LHCb, BELLE II,
SHiP, ATLAS, CMS or a future lepton collider.
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1 Introduction
Motivation - The Standard Model (SM) of particle physics and the theory of general
relativity together can explain almost all phenomena observed in nature, covering scales
that range from the extension of the observable universe down to the inner structure of
the proton [1]. To date, neutrino flavour oscillations are the only confirmed experimental
result which requires within the framework of renormalisable quantum field theory the
existence of new particles.
All fermions except neutrinos are known to exist with both, left-handed (LH) and right-
handed (RH) chirality. One reason to suspect that massive RH neutrinos exist is that
these offer an explanation for the neutrino masses through the seesaw mechanism [2–7],
hence they can explain the observed neutrino flavour oscillations. In addition, they could
explain a number of cosmological problems as well as a few unconfirmed experimental
anomalies; see e.g. Ref. [8, 9] for a review. Most noticeable, RH neutrinos can generate
the observed baryon asymmetry of the universe (BAU) [10] via leptogenesis [11], and are
a natural Dark Matter candidate [12, 13], see [14] for a recent review. For a specific mass
pattern they can even explain all of these phenomena simultaneously [15, 16], see [17, 18]
for a detailed summary.
As for any newly postulated particle, the experimentally most interesting properties of
RH neutrinos NI are their masses MI and the interaction with other particles. The latter
is characterised by a matrix of Yukawa coupling constants FαI with ordinary leptons
of flavour α or, alternatively, mixing angles ΘαI . Unfortunately, the magnitude of the
MI and FαI is entirely unknown. Neutrino oscillation experiments are only sensitive
to a particular combination of the masses and couplings that determines the physical
neutrino masses at low energies (essentially the ratio between the square of the coupling
constant and the mass).1 In this work we combine the negative results of direct searches
for heavy neutrinos in the past with observables that are indirectly affected by their
existence and cosmological bounds from primordial nucleosynthesis to impose constraints
on the interaction strength of heavy neutrinos with the individual families in the SM. To
the best of our knowledge, this is the first analysis of this kind for the model with three
right handed neutrinos.
1To be specific, the light neutrino masses are given by the eigenvalues m2i of the flavour matrix mνm
†
ν ,
where mν in terms of FαI and MI is given in Eq. (8).
Allowed range of masses - If Yukawa interactions of the heavy neutrinos are to be
described by perturbative quantum field theory, then the their masses MI should be at
least 1-2 orders of magnitude below the Planck mass.2 On the lower end they can have eV
(or even sub-eV) [19] masses, and any value in between is experimentally allowed if the
number n of heavy states NI exceeds 2 [20]. Cosmological constraints can be used to push
the lower bound up. If one requires that the observed BAU is generated by leptogenesis,
then past studies suggest that MI has to be larger than a few MeV [18, 21]. This bound
can be raised to roughly 100 MeV if one combines the negative result of past direct
searches with the cosmological requirement that the NI-lifetime is shorter than about
0.1s [20, 22, 23]. For longer lifetimes the energy released during the NI decay would affect
the process of big bang nucleosynthesis (BBN) [23] and lead to an observable change
in the abundance of light elements in the intergalactic medium. If the NI decay after
BBN, then this decay injects entropy into the primordial plasma. Moreover, if they are
sufficiently light and abundant, they themselves also contribute to the effective number of
relativistic degrees of freedom Neff , which is constrained by observations of the CMB and
light element abundances.3 This still leaves open a window 100MeV < MI < 10
15 GeV
of roughly sixteen orders of magnitude, see Fig. 1.
Hence, theoretical prejudice is the only guideline when picking a mass scale. In grand
unified theories the RH neutrino mass scale is usually placed near (slightly below) the scale
of grand unification. This choice is highly popular because it allows to explain neutrino
masses with FαI ∼ 1 and leads to standard thermal leptogenesis. The disadvantage of
this scenario is that the NI will most likely never be observed directly, though indirect
constraints can be derived, e.g. from neutrinoless double β-decay [25] and cosmological
considerations [26].
A direct discovery of the NI in the laboratory in the near future is only possible
if the MI are at the TeV scale or below. Apart from the usual “lamp-post approach”
argument of experimental testability, an appeal of this choice is that more massive RH
neutrinos would destabilise the Higgs mass [27], leading to a severe fine tuning problem
in the absence of mechanisms that cancel radiative corrections such as supersymmetry.
Ideas that motivate a low scale seesaw include the possibility that the scale(s) MI and
the electroweak scale have a common origin [28–31], “no new scale”-considerations [32],
applying Ockham’s razor to the number of new particles required to explain the known
beyond the SM phenomena [15, 33], minimal flavour violation [34, 35], left-right-symmetric
models [36–39] in which the complete breaking of GUT symmetry happens near the TeV
scale and the possibility that B − L is a spontaneously broken symmetry [40–42] that is
approximately conserved [35, 43–47]. Two of the most popular classes of scenarios are
often referred to as “inverse seesaw models” [42, 48, 49] and “linear seesaw models” [50–53]
(see also [54–59]). Experimentally this mass range is very interesting because the heavy
neutrinos can be found directly. The strategy in direct searches strongly depends on MI .
For MI > 5 GeV, NI-particles can only be produced in high energy collisions at the LHC
2This can be estimated by inserting the observed neutrino mass differences into (8).
3The bound MI > 100 MeV can be circumvented within the minimal seesaw model if the NI are very
long lived and decay at a negligible rate through the history of the universe. In this case they can in
principle be viable Dark Matter candidates [14]. However, such longevity requires mixing angels U2I that
are so tiny that the contribution of these particles to the seesaw mechanism and active neutrino mass
generation is negligible. We do not consider this case here in detail, but briefly discuss it in section 6. If
one does not require the NI to explain the observed light neutrino masses, then the constraints on their
mass and mixing are generally much weaker [24].
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[60–74], either via vector boson fusion (M > 500 GeV), s-channel exchange of W-bosons
(500GeV > M > 80 GeV) or in real gauge boson decays (M < 80 GeV). In the future, a
higher sensitivity can be reached at a high energy lepton collider ILC [60, 66, 75–77] FCC-
ee [76, 78–80] or the CEPC [76, 81]. Heavy neutrinos with M < 5 GeV can be searched
for in meson decays at b-factories [82–86] or fixed target experiments [87], including NA62
[88, 89], the SHiP experiment proposed at CERN [90–92] or a similar setup proposed at
the DUNE beam at FNAL [93, 94]. Cosmologically the low scale seesaw is interesting
because it allows to explain the BAU via leptogenesis from flavour oscillations during the
thermal production of the NI in the early universe [15, 95]. In this work we study existing
experimental constraints on NI in the (type I) seesaw model with MI below the mass of
the W boson. For a similar study with TeV masses we refer the reader to Refs. [76, 96–99].
Goals of this work - In principle the number n of RH neutrinos is a free parameter,
as they are SM gauge singlets and not subject to any anomaly cancellation requirement.
If the seesaw mechanism is the sole origin of neutrino masses, this implies n ≥ 2 because
two non-zero mass differences between the light SM neutrinos have been observed, and
the seesaw mechanism requires one RH neutrino per observed non-zero light neutrino
mass.4 Leptogenesis also requires n ≥ 2. Previous studies of experimental constraints
are mostly focused on the case n = 2 (or even n = 1), either for simplicity or because
the third neutrino is assumed to be a Dark Matter candidate that interacts so feebly that
its influence on neutrino masses and leptogenesis is negligible. Known constraints for
n = 2 can e.g. be found in Ref. [8, 9, 17, 103] and references therein, recent works include
[16, 18, 22, 23, 88, 104–110]. These studies have revealed that, for n = 2, the combination
of known direct and indirect constraints leads to much stronger bounds on the magnitude
of the heavy neutrino couplings than one may expect from considering them individually,
see e.g. Ref. [110] for a detailed discussion.
The motivation to extend the analysis from n = 2 to n = 3 is two-fold. First, within
the seesaw framework, we know that n ≥ 3 if the lightest neutrino turns out to be
massive (mlightest 6= 0). Second, the range of NI parameters for which leptogenesis can
be realised with MI ∼ GeV turns out to be very different for n = 2 and n = 3. For
n = 2 the two masses masses M1 and M2 have to be quasi-degenerate in order to explain
the observed BAU, see [111, 112] and [15, 16, 18, 21, 113–115]. This is also a necessary
condition to measure the CP-violation in the sterile sector [116], which is responsible for
the BAU in most of the parameter space [18]. Moreover, leptogenesis then requires the
Yukawa coupling constants FαI to be too tiny to give measurable branching ratios in most
existing experiments to find the NI [16, 18]. With n = 3 both of these restrictions can
be overcome [83, 117, 118]; in this case leptogenesis does not require a mass degeneracy,
and the parameter region where the BAU can be explained is within reach of existing
experiments [83]. This provides strong motivation to re-analyse the known bounds to
understand the parameter space for n = 3.
The purpose of the present work is to combine all known direct and indirect experimen-
tal constraints as well as bounds from cosmology on RH neutrinos with masses between
the pion and W boson mass. This allows to compare the allowed parameter space to
the cosmologically motivated region where leptogenesis is possible and the sensitivity of
future searches. Our analysis includes indirect constraints from neutrino oscillation data,
searches for lepton flavour violating decays, neutrinoless double β decay, CKM-unitarity
4 This may not be true in models with extended scalar sectors [100–102].
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Figure 1: A schematic overview of the allowed range of values for the “seesaw scale” (i.e.
the eigenvalues MI of MM ) and their implications for neutrino physics, cosmology and high
energy physics. Constraints from neutrino physics are discussed in section 4.1. The gray area
below MI ≃ 100 MeV is disfavoured by the considerations in section 6. Some comments on
leptogenesis can be found in section 6.3, the possibility that heavy sterile neutrinos compose
the Dark Matter is discussed in detail in [14]. The indirect constraints indicated by the violet
boxes are discussed in section 4. The range of existing of planned direct search experiments
that could find heavy neutrinos is indicated in turquoise and discussed in section 5.
tests, lepton universality tests, electroweak precision data and big bang nucleosynthesis.
These are combined with constraints from direct searches at colliders and in beam dump
experiments.
The present article is organised as follows. In section 2 we recapitulate the seesaw
model and introduce our notation. In section 3 we define eight benchmark scenarios,
characterised by the heavy and light neutrino mass spectrum, which we will use to ex-
plore the parameter space. In the following sections we recapitulate different bounds on
this parameter space, coming from indirect probes (section 4), various direct search exper-
iments (section 5) and cosmology (section 6). In section 7 we numerically obtain combined
constraints on the masses and mixings of the RH neutrinos in our benchmark scenarios.
We discuss the implications of these constraints for cosmology and future experiments in
section 8 and conclude in section 9.
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2 The seesaw model
The well-known (type-I) seesaw model is defined by adding n neutral fermions νR with
RH chirality to the SM. These can couple to the SM neutrinos νL in the same way as the
RH and LH components of the charged leptons are coupled together, hence the name RH
neutrinos. The Lagrangian reads
L = LSM + iνR 6∂νR − ℓLFνRΦ˜− Φ˜†νRF †ℓL − 1
2
(νcRMMνR + νRM
†
Mν
c
R). (1)
Here flavour and isospin indices are suppressed. LSM is the SM Lagrangian, ℓL = (νL, eL)T
are the LH lepton doublets in the SM and Φ is the Higgs doublet with Φ˜ = ǫΦ∗, where
ǫ is the antisymmetric SU(2)-invariant tensor, MM a Majorana mass matrix for νR with
νcR = CνR
T , and F is a matrix of Yukawa couplings. The charge conjugation matrix is
C = iγ2γ0. We work in a flavour basis where MM = diag(M1,M2,M3).
2.1 Mass and interaction eigenstates
If the eigenvalues of MM are far above the electroweak scale, the heavy neutrinos cannot
be produced in experiments, and one can use an effective field theory [119, 120]
Leff = LSM + 1
2
ℓ¯LΦ˜FM
−1
M F
T Φ˜T ℓcL (2)
obtained by integrating out the fields νR instead of (1). The Higgs mechanism generates
the usual Majorana mass term νLm
tree
ν ν
c
L, where m
tree
ν is given by
mtreeν = −MDM−1M MTD = −θMMθT = −v2FM−1M F T . (3)
In the present work we are, however, interested in experimentally accessible heavy neutrino
masses.
Neutrino mass matrix - There are different scenarios that predict eigenvalues of MM
at or below the electroweak scale, including the inverse seesaw [48] and linear seesaw [53],
the νMSM [45, 121] or Coleman-Weinberg type models [30]. The full neutrino mass term
after electroweak symmetry breaking can be written as
1
2
(νL νcR)M
(
νcL
νR
)
+ h.c. ≡ 1
2
(νL νcR)
(
δm1loopν MD
MTD MM
)(
νcL
νR
)
+ h.c. (4)
where MD ≡ Fv, v is the temperature dependent Higgs field expectation value (v = 174
GeV at temperature T = 0), and h.c. denotes the hermitian conjugate term. δm1loopν is
the leading radiative correction to the light neutrino mass matrix mν , which we consider
later. For all MI ≫ 1 eV one observes the hierarchy MD ≪ MM and there are two
distinct sets of mass eigenstates, one set of “active” light neutrinos that are mostly SU(2)
doublets and one set of “sterile” heavy neutrinos that are mostly gauge singlets. Mixing
between active and sterile mass states is suppressed by elements of the mixing matrix
θ ≡ MDM−1M . (5)
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It is straightforward to derive the well-known expressions for the neutrino mass and mixing
matrices by expanding in the elements of θ to second order.5 The matrix
U =
[(
1− 1
2
θθ† θ
−θ† 1− 1
2
θ†θ
)
+ O[θ3]
](
Uν
U∗N
)
. (6)
diagonalises the full 6× 6 neutrino mass matrix M at second order as
U †MU∗ =
(
U †νmνUν
UTNMNU
∗
N
)
. (7)
Note that the loop correction δm1loopν is of O[θ2]. The unitary matrices Uν and UN
diagonalise the mass matrices
mν = m
tree
ν + δm
1loop
ν (8)
and
MN = MM +
1
2
(
θ†θMM +M
T
Mθ
T θ∗
)
, (9)
with6
MN = U
∗
NM
diag
N U
†
N , mν = Uνm
diag
ν U
T
ν , (10)
MdiagN = diag(M1,M2,M3) , m
diag
ν = diag(m1, m2, m3) . (11)
Here mtreeν is given by (3). In the flavour basis where the physical heavy neutrino mass
matrix is diagonal, δm1loopν is given by [54]
(δm1loopν )αβ =
∑
I
FαIMIF
T
Iβl(MI) , (12)
with
l(MI) ≡ 1
(4π)2
(
3 ln[(MI/mZ)
2]
(MI/mZ)2 − 1 +
ln[(MI/mH)
2]
(MI/mH)2 − 1
)
. (13)
Inserting this into (8) allows to rewrite it as
mν = −θM˜θT (14)
with7
M˜ = UNM˜
diagUTN , (15)
M˜diagIJ = MIδIJ
[
1− M
2
I
v2
l(MI)
]
. (16)
Note that under the present assumptions, the matrix U at second order in θ is not mod-
ified by radiative corrections except for the change in mν . In the absence of radiative
corrections, the matrix M˜ would coincide with MN at this order.
5In principle it could be that terms beyond second order are important. However, in the MI -range we
are interested in, direct search constraints are sufficiently strong to ensure that the expansion in θ can
be truncated at second order.
6The additional complex conjugation for UN is to ensure that UN and Uν relate mass and flavour
eigenstates in the active and sterile sector in an analogous way within the present notation.
7In practice, we assume in this context that this flavour basis coincides to a good approximation with
that where MM is diagonal. If two of the MI are degenerate, then in principle there can be a significant
misalignment between the bases, but in that case the relevant sub-matrix of MM is almost a unit matrix
and one can assume that the transformation has no big effect.
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Neutrino mixing matrix - All six mass eigenstates are Majorana fermions. In the
following we represent them by Majorana spinors instead of chiral spinors. The elements
νi of flavour make up the vector
ν = V †ν νL − U †νθνcR + V Tν νcL − UTν θνR (17)
and are mostly superpositions of the “active” SU(2) doublet states νL, they have light
masses mi ∼ θ2MI . The elements NI of
N = V †NνR +Θ
TνcL + V
T
N ν
c
R +Θ
†νL (18)
are mostly superpositions of the “sterile” singlet states νR and have masses of the order of
MI . The observed light mass eigenstates νi are connected to the active flavour eigenstates
by the matrix
Vν ≡ (1− 1
2
θθ†)Uν . (19)
That is, Vν is the usual neutrino mixing matrix and Uν its unitary part. VN and UN are
their equivalents in the sterile sector,
VN ≡ (1− 1
2
θT θ∗)UN . (20)
The deviation of Vν from unitarity due to the θθ
† comes from the small admixture of
sterile states into the νi, which may lead to some observable effects [122–125].
8 The
mixing between active and sterile flavours is given by the matrix
Θ ≡ θU∗N . (21)
The only way how the NI interact with the SM at low energies is via this mixing with
active neutrinos, which is characterised by the elements |ΘαI | ≪ 1. Hence, they are a type
of heavy neutral lepton. Altogether, we can express the interaction eigenstates (singlets
νR and doublet component νL) as(
νL
νcR
)
= PLU
(
ν
N
)
, (22)
where PL is the left chiral projector. Since the eigenvalues ofMM andMN coincide in very
good approximation, we will in the following not distinguish between these and use the
notationMI for both. The terms of order O[θ2] in the above expressions are small, but in
general cannot be neglected for two reasons. First, they can lead to significant deviations
of UN from unity if two of the MI are quasi-degenerate even if one starts in a basis where
MM is diagonal. Second, the factor (1− 12θθ†) in (19) characterises the unitarity violation
in the neutrino mixing matrix Vν of the active flavours with each other.
9
8Unfortunately, unitarity violation due to heavy neutrinos does not appear to be able to resolve the
long-standing issues of oscillation anomalies [126].
9The 3×3 matrix Vν is often called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, though some
authors use that term for the complete and unitary matrix U .
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2.2 Modification of the weak currents
The interactions of neutrinos in the SM are described by the Lagrangian term
− g√
2
νLγ
µeLW
+
µ −
g√
2
eLγ
µνLW
−
µ −
g
2 cos θW
νLγ
µνLZµ . (23)
Inserting νL = PL(Vνν + ΘN) from (22) shows that the existence of sterile mass states
modifies the interaction strength of the light neutrinos [127, 128]. Moreover, the heavy
states NI do have a Θ-suppressed weak interaction. The NI also interact with Higgs
particles and νL directly via the Yukawa coupling, but this term is not important for the
mass range we have in mind, in which Higgs decays do not give dominant constraints.
Low energy experiments can be described in terms of the Fermi theory after integrating
out the W and Z bosons. If the energy scale is much below MI , one can also integrate
out the NI . The Fermi constant GF is measured via the lifetime of the muon, which is
lighter than the MI under consideration in this work. Therefore, only the light states
(17) are allowed in the final state of the decay µ− → e−ν¯eνµ. Hence, the weak interaction
strength of the νL in this process is effectively suppressed by the factor (1− 12θ†θ) in (22).
This slightly suppresses the decay rate, leading to an “incorrect” result if one extracts GF
from this measurement under the assumption that there is no physics beyond the SM.
Neglecting the mi, one can relate the Fermi constant measured in muon decays Gµ to the
true Fermi constant GF as
G2µ = G
2
F
[
1−
∑
I
θµIθ
†
Iµ −
∑
J
θeJθ
†
Je
] ≃ G2F (VνV †ν )ee(VνV †ν )µµ . (24)
The last step makes obvious that the deviation from the SM is due to the non-unitarity
of Vν .
2.3 Parameterisation
For n = 3 the Lagrangian (1) contains 18 new physical parameters. Three of these are
the masses MI , the remaining 15 are hidden in the Yukawa matrices, for which we use
the generalised Casas-Ibarra parametrisation for Θ that has been proposed in [129]
Θ = iUν
√
mdiagν R
√
M˜diag
−1
. (25)
This parametrisation can be derived from (14) analogous to its tree level equivalent [130],
but takes into account the effect of δm1loopν . In terms of F , this reads
FU∗N =
i
v
Uν
√
mdiagν R
√
M˜diag
−1
UTNMMU
∗
N (26)
≃ i
v
Uν
√
mdiagν R
√
M˜diag
−1
MdiagN .
In the second line we have again neglected the difference between the eigenvalues of MM
and MN . R is a complex matrix with RTR = 1, which can be parametrised by complex
angles ωij as
R = R(23)R(13)R(12). (27)
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The non-zero elements of the R(ij) are
R(ij)ii = R(ij)jj = cosωij,
R(ij)ij = sinωij , R(ij)ji = − sinωij , R(ij)kk =
k 6=i,j
1.
We work in the flavour basis where the charged lepton Yukawa couplings are diagonal,
then the matrix Uν can be parametrised as
Uν = V
(23)UδV
(13)U−δV
(12)diag(eiα1/2, eiα2/2, 1).
Here U±δ = diag(e
∓iδ/2, 1, e±iδ/2) and the non-zero entries of the matrices V are given by
V
(ij)
ii = V
(ij)
jj = cosθij ,
V
(ij)
ij = sin θij , V
(ij)
ji = − sin θij , V (ij)kk =
k 6=i,j
1.
Here θij are the mixing angles amongst the active neutrinos, and α1, α2 and δ are CP-
violating phases. This parametrisation allows to encode all constrains from neutrino
oscillation experiments in Uν and m
diag
ν . Another advantage is that (26) nicely factorises
into a part 1
v
Uν
√
mdiagν that only contains parameters associated with the light active
neutrinos and a remainder that contains the parameters in the sterile sector.
3 Benchmark scenarios
Only five of the 7n − 3 parameters contained in (1) in addition to the SM have been
determined experimentally (two mass differences |m2i −m2j | and three mixing angles θij),
see [131] for the recent values used in our analysis. In the near future, the CP-violating
Dirac phase δ is expected to be measured in neutrino oscillation experiments, and the ab-
solute neutrino mass scale may be determined from cosmology. This leaves us with a large
number of free parameters, making it very difficult to understand the parameter space
analytically. This is in contrast to the case n = 2, in which there are only four parameters
in the sterile sector, and further simplifications arise if one assumes the mass degeneracy
required for leptogenesis. Therefore most of our following analysis is numerical, and we
define a number of representative benchmark scenarios.
3.1 The relevant observables
The high dimensionality also raises the question of how to project the parameter space,
i.e. how to plot our results. Since most of the parameters defined in the equations
following (26) do not directly correspond to physical observables, it is not straightforward
to identify physically meaningful exclusion regions in terms of these parameters. We
therefore mainly express our results in terms of the physical masses MI and the mixings
U2αI ≡ |ΘαI |2 (28)
or their combinations
U2I ≡ U2eI + U2µI + U2τI , U2α ≡
∑
I
U2αI . (29)
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These are the quantities that enter branching ratios and rates observed in experiments.
In order to judge the potential of future searches for MI , it is crucial to understand which
range of values for U2αI is allowed for given MI after imposing the combination of all
known constraints. This is the main goal of this paper. We address this question with
the underlying assumptions that there are n = 3 heavy neutrinos which generate the light
neutrino masses via the seesaw mechanism, and that all of them have masses between
the pion and the W mass, which are discussed in some more detail in Sec. 5.4.1. In the
following, we address several questions in the framework of the seesaw mechanism:
Assuming a heavy neutrino NI with given mass MI exists, what are the largest values of
U2eI , U
2
µI , U
2
τI and U
2
I that are consistent with all known experimental and observational
data? And what is the smallest possible value of U2I ?
Note that this approach does not provide a “global fit” to the properties of heavy and light
neutrinos [124, 132]. Instead of obtaining best fit values for the model parameters, we
utilise the fact that no significant deviation from the SM predictions has been observed
(apart from neutrino masses)10 to impose bounds on the mixing angles U2αI of heavy
neutrinos. Our approach also differs from the global analysis of experimental bounds in
[24], which mostly ignored cosmological constraints and assumed that heavy neutrinos
decay into unobservable particles.
3.2 Choice of the Majorana mass scale
To define our benchmark scenarios, we specify the total mass range Mmin < MI < Mmax
within which we allow the MI to lie. That is, we assume that either there are no further
states NI with masses outside this range, or they decouple to good approximation and
do not affect the observables we study. As pointed out in the introduction, there are
essentially no experimental constraints on Mmin and Mmax unless one adds cosmological
considerations discussed in section 6. These roughly imply that NI should be heavier
than 100 MeV. For the sake of definiteness, in all that follows we assume that the NI are
heavier than the pion,
Mmin = mπ. (30)
Scenario A: The νMSM scenario - In this scenario one sterile neutrino N1 is lighter
than allowed by (30), but it can avoid the constraint described in section 6.2 due to its
very feeble mixing angle. For most purposes (especially in experiments), N1 can safely be
ignored, and scenario A is effectively equivalent to the case n = 2. Cosmologically N1 can,
however, be interesting because it is a DM candidate [14]. The remaining two N2 and N3
are in the mass range between 100 MeV and 80 GeV considered here. This scenario has
been studied in Ref. [15, 17, 18, 110, 134] and references therein. We will not repeat or
refine this analysis here. Note that the phenomenology of N2 and N3 is the same as in the
model with n = 2 as far as neutrino masses, baryogenesis and direct searches are concerned
because N1 effectively decouples. Two aspects of this specific scenario should be recalled
in the present context. First, baryogenesis requires a mass degeneracy between M2 and
M3 at a level of ∼ 10−3 [16, 114]. The small mass splitting introduces a long oscillation
time scale, which can give rise to resonant phenomena that require special treatment in
10 The 1−2σ evidence for non-zero U2αI found in [124, 132, 133] is not significant by our criteria defined
in section 4.
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the early universe [135–141] and possibly in the laboratory [142–144]. For general n ≥ 3
scenarios, successful Leptogenesis does not necessarily require a mass degeneracy; in this
case standard methods pertinent to short oscillation time-scales can be used to describe
the propagation of the NI even in the early universe [117, 145–147]. Second, due to the
mass degeneracy, most experiments cannot measure the U2αI individually, but are only
sensitive to U2α2 + U
2
α3 ≃ U2α instead. There exists a strict lower limit on the U2α with
individual active neutrino flavours, which is a function of their mass [18, 22, 104, 115].
Scenario B: The meson decay scenario - This scenario is defined by the choice
Mmax = mB . (31)
For this choice the masses of all NI lie in the region where they can efficiently be produced
in meson decays. For MI < mD the SHiP experiment will have its highest sensitivity to
U2αI , estimated to be ∼ 10−9 [91]. This parameter region is interesting for leptogenesis
because the BAU can be explained without significant tuning in the ratio U2eI/U
2
µI [83].
The sensitivity drops considerably forMI larger than the D meson mass mD = 1, 869.61±
0.1 MeV [1] because theNI are mainly produced in decays of D mesons. Other experiments
(such as LHCb and BELLE) also have their main sensitivity in this mass range [85] and
may improve bounds from past searches [148–153], see also [22, 82, 103].
For mD < MI < mB the NI can still be produced in B meson decays (with the
charged B meson mass mB = 5279.26± 0.17 MeV). This makes a detection of the NI in
B meson decays at LHCb or BELLE II possible. While the current bounds from these
experiments [108, 109] in most of the mass range are still weaker than the old bounds from
DELPHI [152], they will soon become the front line in the exploration of the cosmologically
motivated parameter space [83].
Scenario C: The general sub-electroweak seesaw - Finally, we explore a general
scenario in which the NI are lighter than the W boson,
Mmax = mW . (32)
This mass range is currently accessible to ATLAS and CMS. Both collaborations have
published constraints for MI > mW [154–158]. Besides the minimal seesaw (1), similar
searches can be carried out for its left-right symmetric extension, see e.g. [159–162]. For
MI < mW some bounds have been released [157, 158], and the experimental perspectives
are thought to improve in the future because the NI can be produced in gauge boson
decays. It has been claimed that CMS can probe mixing angles as small as U2I ∼ 10−9
[163], though the decay products in this case are comparably soft and the results appear
to have a rather strong dependence on the cuts that are imposed during the analysis [61].
A sensitivity to mixings U2I ∼ 10−7, however, seems realistic [65], see also [70, 73, 164].
The reach of the LHC could further be extended with the MATHUSLA surface detector
[165]. Even further improvement could be made at a future lepton collider [75, 76, 78, 80,
81, 92, 166, 167].
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3.3 The range of active-sterile mixing
3.3.1 The “naive” seesaw
If all entries of the neutrino mass matrix are of the same order, then the Yukawa couplings
FαI are of the order of the ”naive seesaw expectation”
F 20 ≡
√
m2atm +m
2
lightestMM/v
2, (33)
i.e. the would-be value of the coupling constant in a world without flavour, n = 1 and
a neutrino mass of the order matm. The naive seesaw usually predicts values that are
close to the minimal possible U2αI for given MI , which for n = 2 have e.g. been studied
in [22, 104], and one can neglect the radiative correction δm1loopν in the mass range we
consider. In the parametrisation (25) it can be realised for |Imωij| not much larger than
one.
3.3.2 Approximate lepton number conservation
It is possible that individual FαI are much larger than F0 and the smallness of the mi is
not (only) due to the suppression ∼ 1/MM in (8), but also the result of a cancellation
amongst individual contributions to the neutrino mass matrix. Such a cancellation could
either be “accidental” or due a symmetry, such as an approximately conserved lepton
number [39, 42, 43, 45, 48, 52, 53].
Accidental cancellations - Such a case is usually considered to be “fine tuned”. More-
over, if it is imposed at a given level in the perturbative expansion in F (or θ), there is in
principle no reason why it should hold at higher order. In particular, if it is imposed onto
the tree level estimate mtreeν , it usually does not occur in the radiative correction δm
1loop
ν
given by (12), which has a different flavour structure. This leads to large corrections to
the active neutrino masses in the parameter region where the U2αI are large. Of course,
one can always impose the accidental cancellation on the radiatively corrected formula
(8).
Symmetry protected scenario - A cancellation can be explained and imposed at all
orders if it is caused by a symmetry. This is, for instance, the case for the inverse seesaw
[48], linear seesaw [52, 53] or possibly the νMSM [45]. This situation is often referred
to as “approximate lepton number conservation”. More precisely, it is usually not the
lepton number of the SM that is conserved, but the combination B−L of baryon number
B and a generalised lepton number L under which the νR are charged. Individually, B
and L are both violated by a quantum anomaly in the SM [168, 169], which leads to
efficient conversion in the early universe [170] at temperatures above ∼ 130 GeV [171],
but respects the conservation of B − L. The Majorana mass MM in general also violates
B − L conservation. However, an approximate conservation is realised if two of the νR
(let us call these N2 and N3) form a Dirac-spinor ΨN ≡ (iN2+N3)/
√
2 and the third one
(N1) “decouples” (Fα1 = 0), see e.g. appendix B of [18]. Then unitary transformations
NI = UIJN
′
J can be used to bring F and MM into the form [55, 172]
F =

 Fe ǫe ǫ′eFµ ǫµ ǫ′µ
Fτ ǫτ ǫ
′
τ

 , MM =

 M ′ µ4 µ3µ4 µ2 M
µ3 M µ1

 . (34)
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Here ǫα, ǫ
′
α ≪ Fα and µi ≪ M,M ′ are lepton number violation (LNV) parameters, which
must vanish if B − L is exactly conserved. In this limit one finds
Uα1 = 0 , U
2
α2 = U
2
α3 for α = e, µ, τ , (35)
In the parametrisation (25) this can be realised forM2 =M3, ω12 = ω13 = 0, ω23 → ±i∞.
An exact B − L conservation would of course also require mi = 0. The approximately
B − L conserving scenario is of crucial importance in the present context because it
usually allows for the largest possible U2αI for a given MI that are experimentally allowed.
The reason is that some of the strongest constraints on U2αI come from lepton number
violating (LNV) observables, including light neutrino masses, neutrinoless double β decay
or same sign dilepton signatures in collider experiments. Such signals are suppressed
by the small parameters in (34) in the B − L-conserving limit. The relatively large
U2α imply that the experimental perspectives for a discovery are particularly promising
[16, 18, 46, 60, 62, 63, 68, 76, 96–99].
4 Indirect signatures of heavy neutrinos
Heavy neutrinos in the mass range mpi < MI < mW can be produced in experiments
in different ways. In addition to such “direct searches”, in which the NI appear as real
particles, the properties of heavy neutrinos can also be constrained in “indirect searches”
by observing processes in which they only appear as virtual particles. In fact, the exis-
tence of NI would affect essentially all low energy observations of weak processes via the
difference between Gµ and GF discussed in section 2.2. In the following we outline in
some more detail how individual observables get affected beyond that before turning to
direct searches in the next section.
4.1 Neutrino oscillation data
Neutrino oscillation data constrains the differences between the neutrino masses mi as
well as the mixing angles and phases in Uν . It also imposes constraints on the mixings
U2αI . That is, once the mi and Uν are fixed, not all values for the U
2
αI can be realised for
two reasons. First, at least some of the NI have to have a significant mixing with active
neutrinos to yield eigenvalues for mνm
†
ν that are large enough to explain the observed
|m2i − m2j |. Second, the U2αI cannot be too large. Otherwise higher order corrections
might lead to physical neutrino masses that are too large even if the tree level mi are
tuned to be small due to some cancellations.
4.1.1 Minimal mixing
It is clear from (8) that some mixing between active and sterile neutrinos must exist in
order to explain non-zero neutrino masses via the seesaw mechanism: If all elements of θ
vanish, then all active neutrinos remain massless. An obvious question to pose in any of
the scenarios defined above would be
What is the minimal mixing U2eI with νe that NI with M
exp
min < MI < M
exp
max can have?
Unfortunately the answer is U2eI = 0 (and same for mixing with νµ or ντ ). This statement
in some sense is trivial: Since only two neutrino mass differences have been observed,
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we can explain all observational data with n = 2 (in which case the lightest neutrino
is massless). This is e.g. effectively realised for n = 3 with U2e3 = U
2
µ3 = U
2
τ3 = 0,
hence this scenario must be allowed. For illustrative purposes we consider the special
case of vanishing phases δ = α1 = α2 = 0 and ω23 = ω13 = 0 and normal hierarchy.
Then all mixings Θα3 ∝ m1, i.e. N3 entirely decouples if the lightest neutrino is massless
(irrespectively of the choice of the MI-spectrum). For ω12 = −θ12 one can in addition
suppress Θe2 up to corrections of order m1/m3, i.e. the ratio between the lightest and
heaviest neutrino. Even if one requires that all light neutrinos are massive, we can still
choose the remaining parameters such that individual U2αI vanish. We have checked
analytically that there are choices for the ωij for which a given ΘeI = 0 or ΘµI = 0.
There exist analytic solutions for ωij that set the coupling of two of the NI to electrons
exactly to zero, but the expressions are rather lengthy and not illuminating. Hence, we
cannot impose a lower bound on the mixing of any individual NI with a specific active
flavour. These findings are consistent with what has been described in [115].
If we demand that all masses MI lie within the experimentally accessible region, then
we can pose the question
Assuming N1 is the sterile neutrino with the largest mixing with να of a given flavour α
(i.e. U21α > U
2
2α, U
2
3α), what is the smallest value that U
2
1α can take as a function of M1?
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The answer to this question is some non-zero U2αmin, which is a function of M1. Its
meaning is the following: Assume that we have an experiment that covers a mass range
between M expmin and M
exp
max, and that all three NI have masses in this interval. Then we
are guaranteed to find at least one sterile neutrino if we push the sensitivity in U2αI below
U2αmin across the whole mass range. Otherwise we have excluded the model. Unfortunately
also this approach is of limited use unless all of theMI are within reach of the experiment,
as otherwise the NI with sizable mixing could simply be too heavy to be seen. Hence,
any conclusion would unavoidably strongly depend on the choice of Mmax.
We can, however, put a lower bound on the sum U2I . This bound strongly depends
on the absolute neutrino mass scale. If all three mi are non-zero, then a lower bound on
U2I is enforced by neutrino oscillation data: To generate three non-zero neutrino masses,
all three NI have to mix with the active neutrinos.
12 This means that each NI must mix
with at least one active flavour, meaning that U2I is bound from below for given MI . If
the lightest neutrino is massless, then there is no such lower bound. Two non-zero mi can
be generated by the seesaw mechanism with two sterile flavours; the third sterile flavour
is allowed to have an arbitrarily small mixing (even zero). Hence, for given MI there is
no lower bound on U2I .
4.1.2 Maximal mixing
The the tree-level seesaw relation (3) implies that large mixings U2αI generally lead to large
neutrino masses mi. Therefore, the smallness of the observed neutrino masses allows to
11Here the choice of labelling N1, N2 and N3 is arbitrary. The parametrisation in Eq. (26) and following
implies certain relations between the specific sterile flavour N1 and observed parameters. However, the
labelling of the NI is arbitrary, as there exist choices of the unknown parameters for which they exactly
swap properties. Since we scan over all unknown parameters we can simply define N1 as the RH neutrino
that has the largest mixing with να.
12More precisely: There is no direction in flavour space (superposition of the NI mass states) that
decouples.
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impose an upper bound on the U2αI . Small neutrino masses mi can be made consistent
with relatively large U2αI if there are cancellations in m
tree
ν . Such cancellations can either
be “accidental” or due to a symmetry in the Lagrangian (such as approximate lepton
number conservation discussed in Sec. 3.3.2).
The active neutrino masses mi are generated at tree level, but also receive radiative
corrections from loops with virtual NI . At leading order, the radiative corrections are
given by the term δm1loopν in the seesaw relation (8). For sufficiently large U
2
αI , radiative
corrections to mtreeν can be sizable [172, 173]. If the cancellations in m
tree
ν are accidental,
then they (most likely) do not occur in the loop correction. Then the mi obtained from
mtreeν + δm
1loop
ν in (8) are generally too large even if m
tree
ν suggests that a given F andMM
were consistent with neutrino oscillation data. One may, of course, find other parameters
that lead to accidental cancellations in the one-loop relation (8). Apart from the fact that
this is generally thought to be “fine tuned”, the cancellations will (most likely) not occur
at two-loop order, and so on. If the smallness of mi is protected by a symmetry, then the
cancellations also happen at the quantum level at all loop orders, and individual FαI ≫ F0
can be made consistent with the observed ∆m2sol and ∆m
2
atm without fine tuning.
One way to impose an upper bound on U2αI from neutrino oscillation data is to demand
that ∆m2sol and ∆m
2
atm are given by m
tree
ν , and that corrections due to δm
1loop
ν remain
small. In this case, large U2αI can only be consistent with the observed ∆m
2
sol and ∆m
2
atm
if cancellations occur independently in both, the tree level term (3) and the correction
(12). This is naturally the case if there is a protecting symmetry, but is very unlikely to
happen accidentally. Demanding that radiative corrections are small therefore effectively
suppresses accidental cancellations in the neutrino mass matrix.
In the present work we follow a more “agnostic” approach and use the parametrisation
(25), which automatically guarantees that all randomly generated parameter values in
our scans are consistent with neutrino oscillation data at one-loop level. As a consistency
check, we confirm that the relation∑
i
mi(Uν)
2
αi +
∑
I
MIΘ
2
αI = (δm
1loop
ν )αα (36)
holds, which directly follows from (7). By doing so, we do not penalise “fine-tuned”
parameter choices in which cancellations in mtreeν + δm
1loop
ν are accidental. While the
latter may seem theoretically unmotivated, we choose to allow such situations because we
prefer to remain as agnostic as possible regarding possible embeddings of the low scale
seesaw into a bigger theoretical framework.
4.2 Lepton flavour violation
The violation of lepton flavour in the neutrino sector also mediates lepton flavour violation
(LFV) amongst the charged leptons. Contributions can come from both, the exchange
of light and heavy neutrinos. Observational bounds on LFV in rare processes allow to
constrain the parameter space for the NI . This is particularly useful in scenarios discussed
in Sec. 3.3.2 there total lepton number is approximately conserved. Then the rates for
some of the most promising LNV signals (including neutrinoless double β decay or same
sign dilepton signals at colliders) are suppressed by the small parameters in (34), while
lepton flavour violation may still be observed.
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4.2.1 Rare lepton decays
The rate for a radiative rare charged lepton decay ℓα → ℓβ + γ is given by [174, 175]
Γℓα→ℓβ+γ =
αEMm
5
αG
2
µ
2048π4
|R|2 (37)
with
R =
∑
i
(V ∗ν )αi(Vν)βiG
(
m2i
M2W
)
+
∑
I
Θ∗αIΘβIG
(
M2I
M2W
)
(38)
and the loop function
G(x) =
10− 43x+ 78x2 − 49x3 + 4x4 + 18x3 log(x)
3(x− 1)4 . (39)
The function G(x) is often approximated by G(0) = 10/3, which is justified if only the
(approximately massless) SM neutrinos appear in the loop. This is not justified in the
low scale seesaw model (1) because the NI can also contribute. The experimentally most
constrained process is the decay µ→ eγ, with a branching ratio B(µ→ eγ) < 5.7×10−13
[176]. Using (37), the predicted branching ratio in the seesaw model (1) is given by
B(µ→ eγ) = Γ(µ→ eγ)
Γ(µ→ eνµν¯e) =
3αem
32π
|R|2 . (40)
In addition to the µ → eγ decay, we also use constraints from searches for τ → eγ and
τ → µγ decays to constrain the U2αI . More specifically, we impose the conditions on the
branching ratios
B(µ→ eγ) < 5.7× 10−13 [176] ,
B(τ → eγ) < 1.5× 10−8 [177] ,
B(µ→ eγ) < 1.8× 10−8 [177] .
We do not include bounds from the process µ → eee [178], which at present appear
to be subdominant [1]. The non-observation of µ → eγ decays imposes rather strong
constraints on U2αI in models with MI ∼ TeV [96], see also [179]. For GeV masses,
however, the bounds are known to be much less important already for n = 2 [180], as
there exist stronger bounds from other sources. Since n = 3 offers more freedom, it can
be expected that the experimental limits are less constraining.
4.2.2 µ→ e conversion in nuclei
The rate of µ → e conversion in nuclei is in general very small in the seesaw model (1)
because it scales as ∼ F 4/M4I . If two MI are degenerate, as it is the case in approximately
lepton number conserving scenarios from section 3.3.2, it may nevertheless be observed
in the future. In particular, in low scale seesaw models under consideration here, it may
be a more sensitive probe of active-sterile mixing than the rate of µ → eγ. Therefore
future µ → e conversion searches could be one of the most powerful tools to look for
NI indirectly [181]. However, the present experimental bounds are generally weaker than
direct search constraints [182]. Within the mass range we consider here, there is only a
small window near MI ∼ MW in which µ → e conversion bounds are competitive with
DELPHI bounds [181]. We therefore do not include these in our present analysis.
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4.3 Neutrinoless double β decay
In the seesaw model (1) neutrinos are Majorana particles, and the Majorana mass term
MM does not only violate lepton flavour, but also total lepton number. This makes neu-
trinoless double β decays possible. The experimental constraints on neutrino properties
are conventionally expressed in terms of the effective Majorana mass, which is defined as
mee =
∣∣∣∣∣
∑
i
(Uν)
2
eimi +
∑
I
Θ2eIMIfA(MI)
∣∣∣∣∣ . (41)
Here we follow Ref. [96] and use fA = (MA/MI)
2FA, MA ≃ 0.9 GeV and FA = 0.079 for
76Ge, based on previous estimates in Refs. [25, 183, 184].13 We can impose upper bounds
on the U2eI by requiring that the rate for neutrinoless double β decay is consistent with
the experimental upper bound mee < 0.2 eV from the GERDA experiment[186].
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4.4 Lepton universality
The decay rates of pseudoscalar mesons M into leptons depend on hadronic effects that
suffer from considerable uncertainties. However, to a large degree, these cancel out if one
considers ratios of the form [107, 127]
RMαβ ≡
Γ(M+ → ℓ+ανα)
Γ(M+ → ℓ+β νβ)
. (42)
This makes the deviation from the SM prediction,
∆rMαβ ≡
RMαβ
RMαβSM
− 1 (43)
a sensitive observable. The effect of NI on R
M
αβ becomes clear if one decomposes (42) into
mass eigenstates,
RMαβ =
∑
i=1,2,3 Γ(M
+ → ℓ+ανi) +
∑
I=1,2,3 Γ(M
+ → ℓ+αNI)∑
i=1,2,3 Γ(M
+ → ℓ+β νi) +
∑
I=1,2,3 Γ(M
+ → ℓ+βNI)
. (44)
Kinematically accessible NI - One can decompose [127]
∆rMαβ =
∑
i=1,2,3 |(Vν)αi|2 +
∑
I=1,2,3U
2
αIGαI∑
i=1,2,3 |(Vν)βi|2 +
∑
I=1,2,3U
2
βIGβI
− 1
=
1 +
∑
I U
2
αI [GαI − 1]
1 +
∑
U2βI [GβI − 1]
− 1 , (45)
13Strictly speaking the estimate for fA is only valid ifMI is much larger than the exchanged momentum
∼ 100 MeV, see e.g. [185] for some recent calculations beyond this approximation. This affects our
estimate of the nuclear matrix element at the lower end MI ∼ Mπ of the mass range considered here,
which introduces a small error. However, in this mass regime direct search constraints are much stronger
than those from neutrinoless double β decay.
14 After we had completed our numerical study, an updated constraint mee < (0.06 − 0.161) eV has
been published by the KamLAND-Zen experiment [187].
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with
GαI = ϑ(mX −mlα −MI)
rα + rI − (rα − rI)2
rα(1− rα)2
√
1− 2(rα + rI) + (rα − rI)2, (46)
rα = m
2
lα/m
2
X , rI = M
2
I /m
2
X and the Heavyside step function ϑ. In the second step in
(45) we have used the unitarity of U . We require that
RMαβ = R
M
αβSM(1 + ∆r
M
αβ) (47)
is within the 3σ error bars of experimental measurements. For kaon decay the SM pre-
diction [188] and result from NA62 [189] are
RKeµSM = (2.477± 0.001)× 10−5, (48)
RKeµ = (2.488± 0.010)× 10−5. (49)
We neglect the smaller error on the SM prediction. For pion decays the theory prediction
[188] and experimental result [190]
RpieµSM = (1.2354± 0.0002)× 10−4, (50)
Rpieµ = (1.230± 0.004)× 10−4. (51)
Here we use kaon and pion decays. In principle we can also take heavy mesons, but the
experimental constraints appear to be weaker [191], see also [107, 192–194]. The same
applies to tests of lepton universality in τ -decays. Here we take these bounds into account
only in the regime where they are “indirect”.
Heavier NI - Heavy neutrinos can affect lepton universality observables “directly” (i.e.
by appearing as real final state particles) only if they are lighter than the decaying parti-
cles. If they are heavier, then they still affect the decay “indirectly” due to the violation
of unitarity in Vν . Then (45) reduces to [127, 128, 195]
∆rMαβ =
1−∑I=1,2,3U2αI
1−∑I=1,2,3U2βI − 1 ≃ −U2α + U2β . (52)
In the regime MI > mτ we also consider lepton universality violation in τ -decays, using
∆rτeµ =
1−∑I=1,2,3U2eI
1−∑I=1,2,3U2µI − 1 ≃
∑
MI>mτ
−U2eI + U2µI . (53)
The theory prediction [196]and experimental result [197] are
RτeµSM = 0.973, (54)
Rτeµ = 0.9764± 0.0030. (55)
4.5 Electroweak precision data
The Z-boson mass mZ , fine structure constant α(mZ) and Fermi constant have been
measured at high accuracy [198]. These parameters allow to predict the weak mixing
angle sW = sinθW and W boson mass mW via the relations
s2W c
2
W =
αZπ√
2GFm2Z
(1 + δr) , (56)
m2W = c
2
Wm
2
Z , (57)
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with cW = cosθW . Here δr are radiative corrections [199, 200]. While mZ , α(mZ) and
δr are not significantly affected by the existence of the NI , electroweak precision data is
sensitive to these [133, 201, 202] because measurements of the Fermi constant would in
fact have measured Gµ defined in (24) if NI with MI > mµ exist. The relations (56) and
(57) are modified to [124]
s2W =
1
2

1−
√
1− 2
√
2απ(1 + δr)
Gµm2Z
√
1− (θθ†)ee − (θθ†)µµ

 , (58)
m2W = m
2
Z
1
2

1 +
√
1− 2
√
2απ(1 + δr)
Gµm2Z
√
1− (θθ†)ee − (θθ†)µµ

 . (59)
We use the central values of the measured quantities [197]
α(mZ)
−1 = 127.944(14) , (60)
Gµ = 1.1663787(6)× 105GeV−2 , (61)
mZ = 91.1875(21)GeV , (62)
and insert them into (58) and (57). The results in [198] suggest δr = −0.03244. We
ignore the small experimental errors on our input parameters and the theoretical error in
δr. Then we require that the prediction of (57) is consistent with the direct measurement
mW = 80.385± 0.015GeV (63)
used in [198]15 at 3σ level.
4.6 CKM unitarity
The non-unitarity in Vν affects leptonic decays ℓα → ναℓβ ν¯β. This change is effectively
described by the difference between GF and Gµ defined in (24). It affects measurements
of the CKM matrix VCKM in the quark sector because the experimental values (V
exp
CKM)
(i)
ab
are inferred from the direct experimental observables assuming that Θ ≡ 0. The true
CKM matrix is unitary in the model (1), hence
1 = |(VCKM)ud|2 + |(VCKM)us|2 + |(VCKM)ub|2 ≃ |(VCKM)ud|2 + |(VCKM)us|2. (64)
We will neglect the small |(VCKM)ub|2 in the following. For a given matrix Θ, one can use
differently measured values (V expCKM)
(i)
ab to obtain a best fit value for the true (VCKM)ud and
(VCKM)us. Using the CKM unitarity (64), this becomes a one-parameter fit for (VCKM)ud.
The quality of the best fit, as characterised by the χ2, depends on Θ. The relation
between the true CKM elements and those extracted from experiment depends on Θ and
15 Note that there is some discrepancy between the measurements for sW [203–205]
(sℓW )
2 = 0.23113(21) measured in leptons ,
(sℓW )
2 = 0.23222(27) measured in hadrons .
We require to be either consistent with the one in hadrons or with the one in leptons.
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is different for each experimental setup. The relation between (V expCKM)
(i)
us extracted from
experiment and the true (VCKM)ud is given by
|(V expCKM)(i)us |2 = |(VCKM)us|2
[
1 + f (i)[Θ]
]
(65)
≃ [1− |(VCKM)ud|2]× [1 + f (i)[Θ]] .
Here we have factored out the “error” coming from the difference between the true GF
and the measured Gµ, which affects all experiments. f
(i)[Θ] is a function of the ΘαI that
is specific to the experimental setup, and the index (i) labels different experiments. The
quantity (V expCKM)
(i)
ud is then understood as the prediction for the direct observation of this
matrix element in a weak decay given the value of (V expCKM)
(i)
us and assuming CKM unitarity.
We use the same processes as the authors of [124], where a detailed description of the
derivation of the formulae below is given. The kaon decays into electrons
(1) KL → π+e−ν¯e ; 1 + f (1)[Θ] = G
2
F
G2µ
[
1− (θθ†)ee
] ≃ 1 + (θθ†)µµ (66)
(2) KS → π+e−ν¯e ; f (2)[Θ] = f (1)[Θ] (67)
(3) K− → π0e−ν¯e ; f (3)[Θ] = f (1)[Θ] (68)
and their charge conjugates all have the same f
(i)
ab [Θ]. The decays
(4) KL → π+µ−ν¯µ ; 1 + f (4)[Θ] = G
2
F
G2µ
[
1− (θθ†)µµ
] ≃ 1 + (θθ†)ee (69)
(5) K− → π0µ−ν¯µ ; f (5)[Θ] = f (4)[Θ] (70)
behave equivalently. We also consider the decay of τ leptons. For the ratio
τ− → K−ντ
τ− → π−ντ ∝
|(VCKM)us|2
|(VCKM)ud|2 (71)
one finds
(6)
τ− → K−ντ
τ− → π−ντ ; 1 + f
(6)[Θ] = 1 + (θθ†)µµ (72)
because in this measurement |(V expCKM)(6)us |2/|(V expCKM)(6)ud |2 = |(VCKM)us|2/|(VCKM)ud|2. For
the τ -decay into kaons, we use
(7) τ− → π−ν¯τ ; 1 + f (7)[Θ] = 1 + (θθ†)ee + (θθ†)µµ − (θθ†)ττ (73)
Finally, one could also include the branching ratio into strange mesons τ → s/τ →
anything,
(8) τ → s ; 1 + f (8)[Θ] = 1 + 0.2(θθ†)ee − 0.9(θθ†)µµ − 0.2(θθ†)ττ . (74)
Including this value tends to give a bad fit even in the SM configuration. It is tempting to
interpret this as a deviation from the SM that may be explained by RH neutrinos, but in
the present work we prefer to be conservative and simply disregard the channel (8). The
experimental values for (VCKM)us are given in table 1. We use this data and the world
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Process (VCKM)usf+(0)
KL → πeν 0.2163(6)
KL → πµν 0.2166(6)
KS → πeν 0.2155(13)
K± → πeν 0.2160(11)
K± → πµν 0.2158(14)
average 0.2163(5)
Process f (i)(Θ) |(VCKM)us|
B(τ→Kν)
B(τ→πν)
(θθ†)µµ 0.2262(13)
τ → Kν (θθ†)ee + (θθ†)µµ − (θθ†)ττ 0.2214(22)
τ → ℓ, τ → s 0.2(θθ†)ee − 0.9(θθ†)µµ − 0.2(θθ†)ττ 0.2173(22)
Table 1: We used the same data as the authors of [124]. The left panel shows values of
(VCKM)us, determined from different kaon decay processes as listed in [206], the quantity
f+(0) = 0.959(5) is taken from [207]. The right panel shows values of (VCKM)us, determined
from different tau decay modes in [208, 209].
average (V expCKM)
(0)
ud = 0.97427(15) [197] to perform a fit for (VCKM)ud for a given choice of
Θ,
(V expCKM)ud =
∑
i(V
exp
CKM)
(i)
ud σ
−2
(i)∑
i σ
−2
(i)
, χ2 =
∑
i
[
(V expCKM)
(i)
ud − (V expCKM)ud
]2
σ−2(i) (75)
In order to accept a given parameter choice, we demand to remain within 3σ. This test
relies on the assumption that the actual quark mixing matrix is unitary. It would of course
be better to directly test the unitarity of Vν , but the data at present time is insufficient
to impose significant constraints on θ.
4.7 Dipole moments
Charged lepton electric dipole moment - Recently it has also been proposed that
the impact of heavy neutrinos on charged lepton electric dipole moments can be used
to constrain there properties. We have not included these observables in our analysis
because they are not expected to give any significant constraints for MI < mW [210].
Neutrino transition dipole moment - Heavy neutrinos can radiatively decay into
an active neutrino and a photon. This process, which occurs at a rate [211, 212]
Γ(NI → ναγ) = 9αEMG
2
F
1024π2
sin2(2UαI)M
5
I , (76)
can be described by a neutrino transition dipole moment [213]. In principle this dipole
moment can be probed in neutrino nucleon scatterings. However, this requires a large
neutrino flux and does not seem to be observable in the near future [180].
5 Direct searches for heavy neutrinos
In the following we summarise constraints on the NI-properties from direct searches at
colliders and in fixed target experiments. We display a summary of the existing direct
search bounds in figures 2-4.
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5.1 Production in meson and τ decays
For masses MI < mB the NI can be produced in meson decays. Bounds from the decays
of gauge bosons or Higgs particles into RH neutrinos are sub-dominant in this regime.
5.1.1 Beam dump experiments
Searches for the decay of NI produced in meson decays been performed at the beam
dump experiments PS191 [148], NuTeV [149], CHARM [214], CHARM II [151], NA3
[150], E949 [153], IHEP-JINR [215], BEBC [216], FMMF [217] and NOMAD [218]. In
beam dump experiments, in which a proton beam is “dumped” into a fixed target, it is
often not possible to identify any charged particles that are produced along with the NI
in the meson decay because the background near the target is too strong. However, heavy
neutrinos with masses MI < mD are rather long lived and travel macroscopic distances.
One can therefore look for their charged decay products in a detector that is placed at
some distance from the target. The expected signals are proportional to combinations of
U2αIU
2
βI , i.e. of fourth power in Θ, because production and decay of the NI are suppressed
by one mixing square each. The details depend on the specific production and decay
channel and are e.g. discussed in [22]. In [22] it has been pointed out that the constraints
from PS191 [148] and CHARM [214] were derived under the assumption that the heavy
neutrinos only interact via the charged current. To take into account the neutral current
contribution in (23) in the NI decay, the constraints on U
4
eI should be re-interpreted as
constraints on the combination16
1 + 4 sin2 θW + 8 sin
4 θW
4
U2eI +
1− 4 sin2 θW + 8 sin4 θW
4
(U2µI + U
2
τI). (77)
We use these re-interpreted bounds in our analysis.
5.1.2 Peak searches
Heavy neutrinos produced in meson decays can leave a signature in experiments even
if their own decay is not observed. When a meson with mass mX decays into a heavy
neutrino NI and an electron or muon with mass mℓα , then the lepton spectrum shows a
peak at an energy
Epeak ≃
m2X +m
2
ℓα
−M2I
2mX
. (78)
The branching ratio of this decay is ∝ U2αI , and the search for the peak in the lepton
spectrum can be used to impose a bound on this mixing. Various experiments have been
performed, using kaons and pions as initial mesons [219–226], so far without any sign of
NI . We plot the currently strongest bounds in figures 2-4.
5.1.3 Lepton number violating decays
LNV decays are “smoking gun” signals for the existence of heavy Majorana neutrinos
and allow to impose some of the strongest bounds. They can, however, be avoided in the
approximately lepton number conserving scenarios discussed in Sec. 3.3.2.
16The NI in the ”WBB experiment” would be created in a scattering of muon neutrinos off a nucleus
(rather than the decay of a D meson) and extend above mD. This channel only involves production
via neutral current and decay via charged current, which was taken into account in [214], and no re-
interpretation in terms of (77) is needed for this channel.
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Figure 2: Constraints on U2eI from the experiments DELPHI [152], L3 [247], ATLAS [156],
PIENU [219], TINA [221], PS191 [148], CHARM [214], NA3 [150], and kaon decays [225].
For peak searches below the kaon mass we use the summary given in [103], for PS191 we
use the re-interpretation given in [22].
Meson decays - Searches for LNV meson decays have been performed at CLEO [227],
Babar, BELLE [108] and LHCb [109] (see also [228–230]). The bounds given in [231]
have been converted into bounds on the U2αI in [103]. These would be extremely strong if
one could assume a vanishing lifetime for the NI , which is, however, not realistic. If one
includes the lifetime, they appear to be sub-dominant. We therefore do not systematically
re-derive these bounds to include more recent data [232]. However, to verify that they
are sub-dominant, we do include the bounds from LNV rare meson decays shown in [103]
and by hand strengthen them by a factor 3 to take account of the new data. In contrast
to that, we directly impose the more recent bounds from LHCb, which, however, turn out
to be sub-dominant.
Rare τ-decays - Heavy neutrinos with MI < mτ can also be produced in the decay of
τ leptons [103, 233]. The non-observation of LNV rare τ -decays at Babar [234] has been
translated into bounds on the U2τI in [103]. We treat these with the same procedure as
the bounds from LNV meson decays given in [103], i.e. we strengthen them by a factor
3 to take account of new data [235–237] to show that they remain sub-dominant. Some
comments on the interpretation of this data can also be found in [180].
5.2 Production in gauge boson decays
For mB < MI < mW , the most efficient production channel is the decay of gauge bosons.
In principle, the NI are also produced in Higgs decays [238, 239]. Here we focus on
the LEP bounds from Z-decays, which in the mass range we consider are stronger than
LHC searches in W decays [157, 158, 240], lepton number or flavor violating Higgs decays
[241–245] and Tevatron searches for LNV [246].
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Figure 3: Constraints on U2µI from the experiments DELPHI [152], L3 [247], LHCb [109],
ATLAS [156], CMS [157], BELLE [108], BEBC [216], FMMF [217], E949 [153], PIENU
[219], TINA [221], PS191 [148], CHARMII [151], NuTeV [149], NA3 [150] and kaon decays
in [225, 226]. For the bounds from kaon decays we use the interpretation given in [103, 248].
For NA3, BEBC and FMMF we use the estimates from [103]. For PS191 we compare the
results according to the interpretation in Ref. [22] (solid line) as well as [153] for two different
channels (dashed and dotted line).
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Figure 4: Bounds on U2τI based on the interpretation of CHARM data in [249], NOMAD
[218], L3 [247] and DELPHI [152].
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5.2.1 Bounds from LEP
The experiments DELPHI [152] and L3 [247] have looked for the leptonic and semi-leptonic
decays of heavy neutrinos produced in Z decays. The bounds from these searches remain
to be the strongest to date in the mass range mB < MI < mW . The existence of NI
affects the decays of Z bosons also if the NI do not decay within the detector. The decay
rate into light neutrinos νi is reduced due to their singlet component, which leads to the
suppression of their weak interaction by a factor O[1− θ]. For MI > mZ this leads to an
apparent violation of unitarity, which can be identified with the non-unitarity in Vν . The
decay rate ΓZ→νν is (to date) not directly observable, but contributes to the total invisible
decay width, which is experimentally constrained (in the SM it is the only contribution).
For the case MI < mZ under consideration here, the decay into NI also contributes to
the invisible decay width, so in principle unitarity is restored. This suggests that Z-decay
parameters are not very sensitive to heavy neutrinos with MI ≪ mZ .
In principle the modifications (24) and (58) still lead to a deviation from the SM.
Moreover, the SM prediction assumes that the decay products νi have negligible masses,
while theMI are kinematically not negligible if they are comparable tomZ . Finally, theNI
can decay within the detector, in which case these events might have been mis-identified
in past searches. In spite of this, we assume that Z-decay parameters do not impose
significant additional bounds on NI with GeV masses for the following reasons. Regarding
the last point, NI that are sufficiently short lived to decay in the detector in significant
numbers would most likely have been observed at DELPHI and L3. We therefore cover
this possibility by including the constraints from these experiments. Regarding the second
point, the MI are kinematically negligible in almost the entire mass range we consider.
Hence, the only remaining change is the modification of the rate due to (24) and (58). In
the often-quoted ratio ΓZ→invisible/ΓZ→ll the dependence on the Fermi constant cancels,
and only a subtle (and weak) dependence due to sW remains. The same applies to
the hadronic cross section ΓZ→eeΓZ→hadrons/Γ
2
Z . A comparison of the absolute observed
value of ΓZ→invisible to the SM prediction would be sensitive to the change (24) in the
measured Fermi constant. However, it probes the same combination of mixings as the
CKM unitarity test on (58) and (59), where the experimental error bars are smaller. We
therefore conclude that Z-boson decay parameters only yield sub-dominant bounds and
do not include them. This conclusion is consistent with the results of Ref. [76], cf. also
[166]. Similar arguments can be made for the effect of NI on the decay of Higgs bosons,
which has been studied in [239].
5.2.2 Searches for heavier NI
For masses MI > mZ , the Z-decay parameters currently provide one of the strongest
constraints on U2αI . Indeed, in the global scan [124] it was found that the invisible decay
width and the hadronic branching ratio in Z decays slightly prefer a value of U2eI 6= 0,
which is also supported by the present value of sW . Direct search constraints in this region
can be obtained from L3 [250, 251] and LHC [154–158]. The latter could be improved
by using additional production channels other than the s-channel exchange of W bosons
[62, 252, 253].
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5.3 Future searches
In the low mass region MI < mK even small improvements are significant, especially for
the n = 2 scenario or scenario A (which effectively is n = 2). The reason is that in this
case BBN can impose a lower bound on U2µI (see section 6.1), which is not much below
the upper bound from direct searches, such that the remaining window may be closed in
the near future. Further improvement will be possible with NA62 [254] and T2K [88].
The most significant improvement for MI < mB could be made with the proposed SHiP
experiment [90, 91, 255], or with a SHiP-like experiment at DUNE [93, 94]. If two MI
are degenerate, one may even be able to measure the sterile sector CP-violation in R in
NI decays [116, 256], which can be responsible for the baryon asymmetry of the universe
[18].
For larger masses, the LHC is the only existing collider that can improve the existing
bounds. The dominant channel for NI production is via s-channel exchange of a W
boson.17 For MI < 15 GeV, the NI lifetime is long enough to look for displaced vertices
[61, 65], in particular a displaced lepton jet in combination with a prompt lepton from the
NI production [65]. For masses 10GeV < MI < mW it is more promising to search for
LNV processes [65, 73, 163]. However, a discovery seems only realistic (and compatible
with bounds from neutrinoless double β decay) in models where individual FαI are much
bigger than F0 in (33) and neutrino masses are kept small by an approximate (fundamental
or accidental) symmetry in F and MM [46]. In view of this, the most promising machine
would be a future lepton collider [76–78, 81], which would allow to look for signatures
that do not rely on LNV, such as displaced vertices.
5.4 Interpretation of experimental results
5.4.1 Dependence on the choice of scenario
All considerations in this paper are based on the minimal type-I seesaw described by the
Lagrangian (1). We assume that no other new physics affects the observables we consider
significantly. Moreover, we assume that there are n = 3 heavy neutrinos which generate
the light neutrino masses via the seesaw mechanism, and that all of them have masses
between the pion and the W mass.
“Direct” observables related to particle kinematics and lifetime (such as peak searches,
beam dump experiments, searches for missing energy and the constraints from nucleosyn-
thesis) are more or less independent of the number and mass spectrum of heavy neutrinos
because they are sensitive to the properties of each NI individually, and quantum inter-
ferences between different amplitudes have no strong effect on the cross section for these
processes. That is, they constrain the properties of each heavy neutrino NI individually,
irrespectively of the properties of its siblings NJ with J 6= I.
Most “indirect” observables, on the other hand, rely on this assumption (and the more
subtle assumption that the effect of the NI is not accidentally cancelled by that of some
other new physics). This includes neutrino oscillation data, rare lepton decays, lepton
universality electroweak precision data and unitarity considerations. This is obvious, as
one cannot exclude the possibility that the effect of NI on any individual observable is
minimised by other new particles if the NI are not observed directly.
17For masses above ∼ 600 GeV, beyond the mass range we consider here, collinearly enhanced t-channel
processes become more efficient [62, 252].
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A special situation is realised when the masses of two heavy neutrinos are too similar
to be distinguished experimentally.18 In this case even kinematic observables do not probe
the different heavy neutrino flavours individually because they cannot be distinguished.
A specific realisation of this situation is given by the approximately B − L conserving
limit discussed in Sec. 3.3. In this case also LNV signatures (such as same sign dileptons)
at colliders, which have been classified as “direct observables” here because the NI appear
as on-shell particles, can be suppressed by interference terms.
5.4.2 Dirac and Majorana particles
In several of the past experimental searches for heavy neutral leptons, it has been assumed
that these are Dirac particles. Whether or not the constraints can directly be applied to
the Majorana particles NI depends on the mass spectrum and type of experiment.
One sterile flavour or several non-degenerate flavours - In this case there is no
difference between Dirac or Majorana as far as NI production is concerned. A Dirac
neutrino has twice as many internal degrees of freedom (particle, antiparticle with spin
up, down), but only half of these can be produced in the decay of a charged meson. This
can be seen by looking at the effective interaction Lagrangian between NI and charged
pions pi:
Leffπ =
2GF√
2
ΘαIVudfπe¯α
(
PR − mα
MI
PL
)
NIpi+ h.c. (79)
It is clear that only either the above term or its conjugate can give a non-zero contribution
to 〈e±αNI |Leffπ |pi±〉, because either only e¯α or only eα can be contracted with the final state
lepton, regardless of whether N is a Dirac or Majorana spinor.
For the decay, on the other hand, there is a difference between Dirac and Majorana
fields; A Majorana particle can decay into twice as many final states because charge
conjugate decays are also allowed. Peak searches only involve the production of NI , so
there is no difference between Dirac and Majorana. In beam dump experiments looking
for NI decays one expects twice as many events if NI is Majorana. Therefore, exclusion
bounds that have been obtained under the assumption of Dirac particles are a factor 2
stronger for Majorana.
Bounds from searches for LNV signals (e.g. same-sign dileptons) only apply to Majo-
rana particles.
Two mass-degenerate NI - If two of the MI are very similar, then it might not be
possible to resolve them experimentally. One has to distinguish two qualitatively different
cases.
If the mass splitting is smaller than the experimental resolution, but still much bigger
than the widths of the NI resonances, then they are two well-separated mass eigenstates.
The NI are, however, not produced as mass eigenstates, but in the flavour basis where F
is diagonal. These two states can undergo coherent oscillations within the experimental
setup. The phase of these oscillations as a function of distance d can be estimated as
φ(d) = d
M2I−M
2
J
2E
, where E is the particle energy. If l is the detector length, then coherent
effects can be neglected if φ = l δM
2
4E
≫ 1, which is the case for most of the parameter space.
18We have generally assumed that this is the case if the splitting is smaller than 10 MeV.
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The observed rate in peak searches would be simply the sum of rates for all NI within a
given mass bin, i.e. one would constrain
∑
I U
2
αI (sum over all NI in that mass bin) instead
of U2αI . If the limit that two NI form a pseudo-Dirac spinor, then this amounts simply
to a factor 2 because U2αI = U
2
αJ in that limit, see (35). In addition to MI −MJ → 0,
this requires a symmetry in F that can be realised by sending some |Imωij| → ∞. This
limit is technically natural because it leads to a conserved lepton number. The question
to which degree one can distinguish Dirac, Majorana and pseudo-Dirac particles can be
distinguished experimentally has e.g. been studied in Refs. [73, 164, 257]. However, in
these works the contribution toMN from the coupling to the Higgs field has been neglected
[110].
If the mass splitting is comparable to the width or smaller, then interference terms
are important. In this case we are not aware of any simple way to interpret the results
from beam dump experiments derived under the assumption n = 1. In general, one
would expect a suppression of lepton number violating signals due to the existence of an
approximately conserved lepton number. We do not treat this case in the present work.
5.4.3 Error bars
Another issue is that different collaborations quote exclusion bounds with different confi-
dence levels, which are partly summarised in [103]. In principle this should be modelled
with a smooth likelihood function. We entirely ignore this issue to simplify the present
analysis and treat all bounds as “hard”, i.e. as if all forbidden points are forbidden with
absolute certainty and all allowed points can be realised with exactly the same probability.
This procedure though serves the present purpose of charting the viable parameter space
which is vast compared to the size of the error bands.
6 Cosmological constraints
6.1 Big Bang nucleosynthesis
If the NI decay during or shortly before BBN, then the decay products have energies
of the order MI , much above the temperature of the primordial plasma at that time.
This would affect the abundances of light elements that are produced, either by directly
dissociating nuclei that have already formed or indirectly by causing a deviation from
thermal equilibrium in the plasma that modifies the rates for the processes involved in
nucleosynthesis. This can be used to impose a lower bound on U2I .
Here we adopt a simple (but rather conservative) criterion and demand that the life-
times τI of all NI are shorter than 0.1s. To calculate the lifetime, we use the decay rates
for various decay channels given in Refs. [87] and [18]. This imposes a lower bound on
U2I .
19 For MI < 140 MeV, where this effect is most important because the NI-lifetime
scales as τI ∝M−5I , it has been studied in detail in Refs. [23, 258, 259]. The results show
that the actual bounds for MI below the pion mass are weaker than our criterion, while
for larger masses our approach appears justified as a first approximation.
In general, BBN cannot impose bounds on the mixings U2αI of NI with individual
active flavours. A given U2αI can be arbitrarily small (even zero) if another U
2
β 6=αI is
19It can be softened in extensions of (1) if there are decay channels for NI other than via mixing with
active neutrinos.
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sufficiently large to ensure a lifetime below 0.1s. The situation is different in scenario A if
one assumes a mass degeneracy that makes it impossible to measure the U2αI invididually.
In this case there are far less free parameters in F ; in particular, there is only one complex
“Euler angle” ω in R that governs the mixing of NI with all active flavours, hence U2e ,
U2µ and U
2
τ cannot be too different in size. This allows to translate the BBN bounds into
constraints on individual U2α and to combine the upper bounds on the individual U
2
α to
obtain a stronger upper bound on U2I . For example, in the mass range MI < mK and
for n = 2 the lower bounds on U2e and U
2
µ also strongly constrain the poorly measured
U2τ , allowing to impose an upper bound on U
2
I [107, 110]. The window between these
lower bounds and the upper bounds from experiments may soon be closed. For the n = 3
scenario under investigation here the three angles ωij offer more freedom to change the
size of the different U2αI . This is also the reason why leptogenesis with n = 3 does not
necessarily rely on a mass degeneracy [117] and can be achieved for much larger U2αI [83].
6.2 Neff and ”Dark Radiation”
If sterile neutrinos are present in the primordial plasma during or after BBN, they affect
the effective number of relativistic degrees of freedom Neff in the primordial plasma, which
is constrained at the epoch of photon decoupling (from CMB observations [260]) and BBN
(from observations of light elements [261]). If they come into thermal equilibrium while
being relativistic, they themselves directly contribute to Neff . If the NI decay prior to
photon decoupling, then this process injects entropy into the primordial plasma and leads
to a deviation from thermal equilibrium, which leads to a deviation of Neff from the SM
prediction. If they decay during BBN, their energetic decay products dissociate some of
the formed nuclei. The NI-equilibration can in principle be avoided if the mixing U
2
I is
sufficiently small. However, if one at the same time wants to explain the active neutrino
masses via the seesaw mechanism, then at least some sterile species must have a sizable
mixing with active neutrinos.
In the n = 2 scenario these considerations impose a strict constraint on the MI [262].
The logic is as follows: If the NI generate active neutrino masses, then this imposes a
lower bound on their mixing U2I with active neutrinos. It turns out that his means that
they necessarily come into thermal equilibrium in the early universe. To avoid an effect
on Neff , they must have decayed before BBN.
In the n = 3 model, there is no lower bound on the smallest U2I because only two active
neutrino mass differences have been measured, and the lightest mi could in principle be
zero. In that case, only two NI are required for the seesaw mechanism. The third one
can have an arbitrarily small mixing, hence avoid equilibration in the early universe and
any bounds on its mass from Neff . A quantitative analysis [20] reveals that this particle
could have a mass of less than 100 MeV if the lightest active neutrino is lighter than
∼ 10−3 eV. At least two of the NI , however, must be heavier than 100 MeV.20 This is
e.g. realised in the scenario A, in which only two heavy neutrinos N2 and N3 contribute
significantly to the measured neutrino mass differences (and leptogenesis), while the N1
is lighter (M1 ∼ keV), very feebly coupled and has a lifetime that is comparable to the
age of the universe. Then N1 would leave no trace in light element abundances or the
cosmic microwave background because of its longevity and low number density, but can
be a viable DM candidate [15]. The feeble interaction required to achieve this implies
20Obviously this bound can be avoided if there is another source of active neutrino masses.
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that the light NI would effectively decouple from the system and can be ignored as far as
leptogenesis and the seesaw mechanism are concerned.
Finally, in spite of strong constraints [263], cosmological data still leaves some room
for very light sterile neutrinos with masses at or below the eV scale [20]. The reason is
essentially that CMB data is consistent with the SM prediction Neff = 3.046 [264], but
cannot exclude Neff = 4. We do not consider the case of very light sterile neutrinos here,
see instead [265] for a recent review.
6.3 Leptogenesis
If one requires the NI not only to explain active neutrino masses, but also to generate the
BAU from their CP-violating interactions in the early universe, then this imposes further
constraints onto their mass and mixing. In scenarios with superheavy NI , the BAU is
generated via thermal leptogenesis during NI freezeout and decay [11]. In the simplest
scenario, this mechanism only works if MI > 10
9 GeV [266, 267]. Flavour effects can
reduce this bound by 1-2 orders of magnitude [47, 268], which is still far beyond the mass
range considered here. Thermal leptogenesis can be achieved with TeV Majorana masses
only if they are degenerate [112]. Sterile neutrinos with smaller MI can generate the
BAU from oscillations during their thermal production (rather than freezeout and decay)
[15, 95]. A detailed analysis of this mechanism in the n = 2 model has been performed in
[18, 83]. It was found that the BAU can only be explained if the massesMI are degenerate
at least at a level of 10−3, and lower and upper bounds on U2I for successful leptogenesis
were identified. Interestingly, leptogenesis in this scenario can be realised with the CP-
violation in Uν alone [18]. In the future, a circular collider [78] or the SHiP experiment
[91] could be used to search for these particles and the CP-violation. In the n = 3 scenario
there is no need for a mass degeneracy for successful leptogenesis [117], and the mixing
angles U2I can be large enough to be probed by existing experiments [83]. Recently these
studies have been refined and extended by a number of authors [30, 110, 114, 118, 269–
273, 273, 274, 274–276]. Though the connection to leptogenesis is very interesting, we
do not include any bounds from the baryon asymmetry of the Universe into the present
analysis because the search for RH neutrinos in the GeV-mass range is of interest in its
own right.
7 Numerical analysis and results
7.1 Numerical method
Scanning strategy - In our analysis, we fix the mixing angles θij in Uν and the mass
splittings m2i −m2j to the best fit values of the global fit presented in [131]. For each of
the benchmark scenarios we independently study the cases of “normal hierarchy” (m21 .
m22 < m
2
3) and “inverted hierarchy” (m
2
3 < m
2
1 . m
2
2). Since the absolute scale of
neutrino masses is not known, we focus on the two extreme cases that the lightest neutrino
is massless or has a mass of 0.23 eV, near the upper limit from cosmology [260]. We
study both situations independently. This allows to define eight independent benchmark
scenarios that are distinguished by a combination of the choice of Mmax (Mmax = mB or
Mmax = mW ), the hierarchy of light neutrino masses and the absolute scale of neutrinos
masses (mlightest = 0 or mlightest = 0.23 eV). For each of these scenarios we randomise
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all remaining parameters21 in order to determine the largest and smallest values of U2I ,
U2eI , U
2
µI and U
2
τI that are consistent with all constraints that are specified in the previous
sections.
Scan I: Agnostic main scan - In our main scan, we generate 6×107 random parameter
sets for each of the eight benchmark scenarios. We use flat probability distributions in
the parametrisation defined in Section 2, where we restrict Imωij to the interval −8 <
Imωij < 8. The dependence on the other parameters δ, α1, α2 and Reωij is periodic.
The use of flat probability distributions allows to interpret the distribution (or “scatter”)
of extremal U2αI in nearby mass bins, which characterises the degree of convergence of
the scan towards some combined upper bound, as a measure for the size of the allowed
parameter regions in which U2αI of a given magnitude can be realised. This is an interesting
piece of information, which otherwise could not be extracted from the projection of a high
dimensional parameter space onto the mass-mixing plane. The interpretation in terms of
parameter space volumes should of course be taken with a grain of salt because it depends
on the parametrisation, which can be chosen arbitrarily. Here we use the Casas-Ibarra
parametrisation, which is amongst the most frequently used ones in the literature.
If the difference δM between two masses MI and MJ is smaller than the resolution
of a direct search experiment, then the signals from NI and NJ cannot be distinguished.
To take account of this, we apply the experimental bound to the sum of the signals
whenever this happens. For simplicity, we generally estimate the experimental mass
resolution as 10 MeV. During the propagation within the detector, quantum coherences
can be neglected as long as l δM
2
4E
≫ 1, where l is the detector length and E the particle
energy. That is NI and NJ behave like two well-defined individual on-shell particles.
The highly mass-degenerate case for which this not satisfied can lead to the interesting
resonant leptogenesis scenarios [112, 135–139, 277], but the propagation in the laboratory
may require a more sophisticated treatment [87, 142, 143]. In the extreme case that δM
is smaller than the intrinsic width of the heavy neutrino resonances, one cannot define
two individual particles NI and NJ . We exclude this case by requiring that all quantities
ΓI ≡ (F †F )IIMI/(16π) are smaller than the smallest mass splitting amongst the heavy
neutrinos. One can loosely interpret ΓI as the width of NI .
22 Amongst the points that are
consistent with all these constraints we identify those that maximise the mixing angles
U2eI , U
2
µI , U
2
τI and their sum U
2
I = U
2
eI + U
2
µI + U
2
τI in order to determine upper bounds
for these quantities. In addition, we identify the lower bound on U2I . As discussed in
Section 4.1.1, it is not possible to impose a lower bound on the individual U2αI .
Scan II: The B−L conserving parameter region - In an additional scan we choose
the probability distributions in a way that focuses on theB−L-conserving region described
in Sec 3.3.2. We randomise M1 and M2 with a flat probability distribution between Mmin
and Mmax. To determine M3, we use a flat probability distribution in log10 |M2 −M3|
between 0 and −24. We randomise all other parameters introduced in Sec. 2.3 in a two-
step process. In the first step, we generate random values for these in the same way as in
21Present neutrino data already allows to identify a preferred region for δ [131]. However, since the
significance of this preference is still low, we treat all values of δ as equally likely.
22Note, however, that the lifetimes (and hence widths) of the quantum states should in principle be
defined in the flavour basis where F is diagonal, while physical particles correspond to the basis vectors
in the basis where MM is diagonal.
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the main scan. We then multiply all parameters except ω23 by x
3, where x is a random
number between 0 and 1. This prefers parameter regions with Imω12 < 1 and Imω13 < 1,
in which N1 has little mixing with other flavours. On the other hand, it prefers degenerate
M2 and M3 and relatively large Imω23 leading to large mixing (UN)23 amongst the states
νR2 and νR3 in the degenerate mass eigenstates N2 and N3 along with comparably large U
2
2
and U23 , cf. (34)-(35). This which includes the point where N2 and N3 can be combined
into a pseudo-Dirac spinor ΨN ≡ (iN2 +N3)/
√
2 and N1 decouples.
Validity of the numerical approach - Since our approach is based on a stochastic
scan, it is not possible to prove that the extremal points we obtain are indeed the global
extrema of the active-sterile mixings for given MI that are consistent with experiment.
We use the numerical convergence as a criterion to judge whether there the maximal
and minimal mixings we find are close to the global extrema and therefore approximately
trace strict upper/lower bounds, or whether the allowed parameter space volume is simply
shrinking so rapidly for large U2αI that the scan fails to find the extrema.
23 In this context,
it is helpful to keep dependencies of the indirect bounds on the parameters in mind.
Parametric dependencies - The parameter space for n = 3 is rather high-dimensional,
which makes an analytic understanding of the constraints difficult. There are a few simple
rules to understand the parameter dependence of the mixings U2αI for givenMI . For n = 2
these have e.g. been studied in detail in [22, 96, 104, 278]. For n = 3 they are more
complicated, but general tendencies can still be identified easily.
• In general, the dependence of the U2αI upon the parameters δ, α1, α2 and the Reωij
is relatively weak (though their precise value does matter if one aims to construct
very special points, e.g. a vanishing mixing U2αI).
• As already pointed out in [22, 83, 104, 114], the magnitude of the active-sterile
mixing is mostly controlled by the Imωij because the elements of FαI depend ex-
ponentially upon these parameters. Small |Imωij| < 1 tend to give values for FαI
near the “naive seesaw value” F0, typically leading to small U
2
αI and small branch-
ing ratios in experiments. This situation is considered “natural” by many authors,
though this statement of course depends on the parametrisation and an arbitrary
definition of “naturalness”.
• Large |Imωij| > 1 lead to comparably large individual U2αI . This makes it easier
to find the NI experimentally [46, 87]. The smallness of the mi in this case is not
(only) due to the smallness of individual elements of mν , but requires cancellations
amongst them that lead to small eigenvalues m2i of mνm
†
ν . The use of the loop-
corrected seesaw formula (8) ensures that this cancellation holds at 1-loop level.
A particularly interesting and technically natural realisation of the large mixing
scenario is provided by the approximately B − L conserving models discussed in
3.3.2.
23We use a scanning strategy in which the parameters are randomly chosen without correlation to each
other or the previous choice. In order to explore narrow “funnels”, an adaptive Monte Carlo approach
would certainly be more promising. On the other hand, such methods might be more likely to miss out
on isolated regions. A future comparison of different scanning techniques would be of interest.
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Most saturated bounds - It is interesting to see which indirect bound is most satu-
rated for the parameter choice that leads to the largest allowed active-sterile mixing for
given MI . To address this question, we introduce an (arbitrarily chosen, but well moti-
vated) measure of saturation for each indirect constraint (labelled by an index i), which
is quantified by a number Si with 0 ≤ Si ≤ 1 for each of the allowed points. For an
observable Xi that is predicted to vanish in the SM and for which an upper bound exists
from experiment (e.g. 0νββ, LFV lepton decays), Si is defined as
Si =
X2i,N
X2i,exp
, (80)
whereXi,exp is the experimental limit andXi,N the predicted value in the presence of heavy
neutrinos N with a given set {F,MM} of masses and couplings. For those observables
that are non-zero in the SM, Si is defined via the deviation from the experimental value
Si =
(X −Xi,exp)2
(3σi,exp)2
(81)
Here σexp is the experimental error bar.
7.2 Results
The figures 5-20 show the results of our main scan. The upper panels in each figure show
extremal values of the active-sterile mixing (U2I or individual U
2
αI), as explained in the fol-
lowing paragraphs. The colour of the points indicates which bound is the most saturated
one for the displayed point. The brightness is determined by the value corresponding Si
and thus indicates how saturated that bound is (the brighter, the more saturated). The
colour code is
• blue: LFV lepton decays,
• red: neutrinoless double β decay,
• turquoise: EW precision data,
• yellow: CKM unitarity,
• green: lepton universality in pion, kaon and tauon decays.
The type of LFV decay and the process from which lepton universality is constrained
(pion, kaon or tauon decays) are not distinguished in the upper panels.
The lower panels show the degree of the saturation as quantified by the value of Si
for the parameter choice that maximises the quantity plotted in the corresponding upper
panel (U2I or individual U
2
αI). The colour code is the same as in the upper panels, but
here the brightness is not related to the degree of saturation. Instead, it indicates type of
LFV decay and the process from which lepton universality is constrained (pion, kaon or
tauon decays),
• light blue: µ→ eγ,
• medium blue: τ → µγ,
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• dark blue: τ → eγ,
• light green: lepton universality in pion decays,
• medium green: lepton universality in kaon decays,
• dark green: lepton universality in tauon decays.
Scenario B (mπ < MI < mB) - We first focus on the scenario where NI can be
produced in meson decays. The dots in the upper panels in Fig. 5 show the extremal
values of U2I and U
2
eI for given MI that are consistent with all constraints in the scenario
with mlightest = 0.23 eV, normal hierarchy and mπ < MI < mB. The colourful dots
indicate the largest active-sterile mixing in each mass bin. The thick black line represents
the upper bound from direct searches. The black dots show the smallest value found for
U2I . The lower panels show the corresponding Si, as explained in the previous paragraph.
Fig. 6 shows the maximal U2µI and U
2
τI we found and should be read in the same way. The
following figures display the same quantities for mlightest = 0.23 eV with inverted hierarchy
(figures 7 and 8), mlightest = 0 with normal hierarchy (figures 9 and 10) and mlightest = 0
with inverted hierarchy (figures 11 and 12).
Scenario C (mπ < MI < mW ) - The remaining figures show the same quantities
(extremal U2I , U
2
eI , U
2
µI , U
2
τI and the corresponding Si) we found in the mass range mπ <
MI < mW for mlightest = 0.23 eV with normal hierarchy (Figs. 13 and 14), mlightest =
0.23 eV with inverted hierarchy (Figs. 17 and 18), mlightest = 0 with normal hierarchy
(Figs. 15 and 16) and mlightest = 0 with inverted hierarchy (Figs. 19 and 20).
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Figure 5: Left panels: The upper panel shows the largest allowed U2I (colourful dots) and smallest allowed U
2
I (black dots) found in our main scan
for mlightest = 0.23 eV, normal hierarchy and mpi < MI < mB. The black line represents the upper bound from direct searches. The lower panel
shows the saturation measures Si, as explained in the main text. Right panels: The upper panel shows the largest allowed U
2
eI (colourful dots)
found in our main scan for mlightest = 0.23 eV and normal hierarchy. The black line represents the upper bound from direct searches. The lower
panel shows the saturation measures Si, as explained in the main text.
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Figure 6: Left panels: The upper panel shows the largest allowed U2µI (colourful dots) found in our main scan for mlightest = 0.23 eV and normal
hierarchy. The black line represents the upper bound from direct searches. The lower panel shows the saturation measures Si, as explained in the
main text. Right panels: The upper panel shows the largest allowed U2τI (colourful dots) found in our main scan for mlightest = 0.23 eV, normal
hierarchy and mpi < MI < mB. The black line represents the upper bound from direct searches. The lower panel shows the saturation measures
Si, as explained in the main text.
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Figure 7: Same as Fig. 5, but for mlightest = 0.23 eV and inverted hierarchy.
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Figure 8: Same as Fig. 6, but for mlightest = 0.23 eV and inverted hierarchy.
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Figure 9: Same as Fig. 5, but for mlightest = 0 and normal hierarchy.
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Figure 10: Same as Fig. 6, but for mlightest = 0 and normal hierarchy.
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Figure 11: Same as Fig. 5, but for mlightest = 0 and inverted hierarchy.
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Figure 12: Same as Fig. 6, but for mlightest = 0 and inverted hierarchy.
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Figure 13: Same as Fig. 5 (mlightest = 0.23 eV, normal hierarchy), but with mpi < MI < mW .
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Figure 14: Same as Fig. 6 (mlightest = 0.23 eV, normal hierarchy), but with mpi < MI < mW ..
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Figure 15: Same as Fig. 5, but for mlightest = 0, normal hierarchy and mpi < MI < mW .
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Figure 16: Same as Fig. 6, but for mlightest = 0, normal hierarchy and mpi < MI < mW .
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Figure 17: Same as Fig. 5, but for mlightest = 0.23 eV, inverted hierarchy and mpi < MI < mW .
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Figure 18: Same as Fig. 6, but for mlightest = 0.23 eV, inverted hierarchy and mpi < MI < mW .
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Figure 19: Same as Fig. 5, but for mlightest = 0, inverted hierarchy and mpi < MI < mW .
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Figure 20: Same as Fig. 6, but for mlightest = 0, inverted hierarchy and mpi < MI < mW .
52
8 Discussion
In the following we discuss the results of our scans and their physical interpretation.
8.1 Smallest and largest active-sterile mixing
Smallest mixing - Several factors conspire to impose a lower bound on U2I in the seesaw
model.
• The BBN-motivated requirement of a lifetime τI < 0.1 s always imposes a lower
bound on U2I . Due to the shorter lifetime τI of heavier NI (τI ∝ M−5I ), this lower
bound falls off rapidly and is practically irrelevant for any near future experiment
if NI is heavier than the kaon. This bound applies under the assumption that the
NI came into thermal equilibrium in the early universe, or were at least sufficiently
abundant that their decay would affect BBN. This is usually the case if mlightest >
10−3 eV [20]. It can be circumvented in the scenario with one massless active
neutrino (mlightest = 0) and one decoupled sterile neutrino discussed in Sec. 8.1.
• For mlightest 6= 0 there is also a lower bound on U2I from neutrino oscillation data,
which roughly scales as ∝ mlightest and ∝ M−1I . For relatively large mlightest ∼
0.23 eV this lower bound is interesting because it might be reached by a realistic
improvement of the SHiP experimental proposal [90]. In contrast to n = 2, there is
no strict lower bound on individual U2αI from neutrino oscillation data for n > 2.
• If one required the NI not only to explain neutrino masses, but also the observed
BAU by leptogenesis, then this imposes an upper as well as a lower bound on U2I .
These have been studied in detail for Scenario A [16, 18, 21, 110, 271, 273–275] and
partly been investigated for Scenario C [83, 271]. A detailed investigation of the
lower bound would be particularly interesting for the case that the lightest neutrino
is very light and no lower bound can be obtained from neutrino oscillation data.
Largest mixing - Below we summarise the mass regions in which the combination of
all constraints imposes a stronger upper bound on U2αI than the direct searches alone.
• In several scenarios a small number of points nearMI ∼ 100 MeV suggests an upper
limit on U2eI or U
2
µI that is much stronger than direct search bounds. However, these
do not correspond to valid upper bounds, i.e. there should exist allowed points
with mixings U2eI and U
2
µI all the way up to the direct search bounds (black line in
Figs. 5-20) in this mass region. They are simply not found by our scan because they
correspond to small volumes in parameter space which are squeezed between lower
bounds from BBN and upper bounds form experiments.
• For masses MI < mD, the direct search bounds on U2eI and U2µI are very strong.
Combining them with the indirect bounds allows to impose constraints on U2τI that
are much stronger than the direct search bounds on U2τI . This also leads to much
stronger bounds on U2I .
• The direct search bounds from experiments where NI are produced in D meson
decays fall off rapidly once MI approaches mD because the phase space for this
decay closes. However, bounds from the CHARM experiment [214] extend to larger
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values of MI slightly above mD. This is because in combination with the indirect
bounds, the constraint on the quantity (77) in this region leads to stronger limits
on the individual U2αI than the direct search bounds.
• In the region mD < MI < mB, the largest values of U2eI found in the main scan
lie below the direct search bounds, and there is a huge scatter amongst them. A
similar situation is realised in the mass range between mK and 1.5 GeV. A smaller
scatter can also be observed in U2µI and U
2
τI . The scatter is a result of the fact that
the 0νββ-constraint allows for large U2eI only in very narrow funnels in parameter
space where B −L is conserved, see Sec. 8.2. It reflects that fact that our scanning
method has difficulties finding these funnels. From Figs. 5, 9, 7 and 11 alone it is
not clear whether values of U2eI all the way up the direct search bound can be made
consistent with all indirect constraints for specific parameter choices that our scan
failed to find. To answer this question, we perform a separate scan that is focused
on the B−L-conserving region (scan II). We cannot identify any strict upper bound
that is stronger than the direct search bounds from combining all data. Allowed
values of U2eI up to the direct search bound can be found in all almost mass bins
below mB (except in the small region discussed in the previous point). However,
avoiding the constraints on mee requires a mass degeneracy between two of the
NI , and experiments might not be able to resolve the signals from the two mass-
degenerate heavy neutrinos. In this case the direct search bound should be applied
to U2αI +U
2
αJ ≃ 2U2αI . That is, in combination with the constraint on mee, the direct
search bound in the regime effectively becomes by a factor 2 stronger in the seesaw
model. This is illustrated in Fig. 21.
• Near MI ∼ mW , the direct search bounds from DELPHI and L3 become weaker
than indirect bounds from LFV observables, which then provide the strongest con-
straints. Apart from lepton universality in meson decays, also the µ → eγ decays
and electroweak precision data are relevant in this mass region.
8.2 Which indirect bounds matter?
Lepton number and flavour violation - The list in Sec. 8.1 shows that there are
many mass regions in which the combination of all constraints does not seem to give
stronger upper bounds on U2αI than the direct search bounds alone. This at first sight
seems to contradict some earlier findings, which e.g. suggested the 0νββ decay alone could
impose much stronger constraints on U2eI than the direct searches at colliders [25, 99, 103].
The reason is that heavy neutrinos with large U2eI and a non-degenerate mass spectrum
can give a sizeable contribution to mee [278], even in the region where leptogenesis is
feasible [274, 275, 279]. The crucial point is that 0νββ decay is a LNV observable. In the
seesaw limit MM ≫ MD, LNV and LFV are closely related, as they originate at leading
order from the same dimension 5 operator in (2). For “generic” parameter choices or for
n = 1, all entries in the matrix FM−1M F
T are of comparable size. Then LNV observables
usually allow to impose stronger bounds on U2αI . This is the reason why the authors of
[25, 99, 103], who studied the scenario with n = 1, could derive very strong bounds on
U2eI from 0νββ decay searches.
However, in the model (1), the scales of LNV and LFV are not identical for all pa-
rameter choices. For instance, total lepton number is conserved and neutrinos are Dirac
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Figure 21: The blue dots represent the largest values for U2eI found in a scan that is focused
on the B−L conserving region with mlightest = 0.23 eV and inverted hierarchy (scan II). The
solid black line is the direct search bound as published by the experimental collaborations.
Values of U2eI all the way up to the direct search bound can be realised in the entire mass
range. However, for large U2eI the constraint on mee can only be avoided for comparably
small values of the B − L-violating parameters in (34). This implies that the two heavy
neutrinos NI and NJ with the largest U
2
eI must have quasi-degenerate masses and equal
mixings U2αI = U
2
αJ , see (35). If the mass splitting between MI and MJ is smaller than the
resolution of an experiment, the direct search bound applies to U2eI + U
2
eJ ≃ 2U2eI . That
is, for mixings U2eI above some critical value, the experimental bound is effectively twice
as strong as the solid black line suggests, as indicated by the dashed black line. Here we
have roughly estimated the experimental resolution as 10 MeV. The plot shows that, if
this is realistic, the critical value of U2eI above which the dashed black line represents the
appropriate direct search bound is U2eI ∼ 5 × 10−7. In a more precise future analysis, the
actual mass resolutions of each individual experiment in each individual mass bin should be
used to identify the correct upper bound precisely.
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particles if MM = 0, but individual lepton flavour numbers are still violated by neutrino
oscillations. Also in the seesaw limit MM ≫ MD under consideration here, all scenarios
with n > 1 contain parameter regions in which the total lepton number L is approximately
conserved (more precisely: B − L), see Sec. 3.3. The observable LNV in these scenarios
is suppressed by small L-breaking parameters in (34). This is e.g. discussed in detail in
[172, 278]. In the parametrisation (25) these can be related to the splitting between two
eigenvalues |MI −MJ |/(MI +MJ ) and e−|Imωij |, i.e. the imaginary parts of the “Euler
angles”. Hence, 0νββ-decays can be strongly suppressed even if the U2eI are comparably
large [129, 280], see [42, 281, 282] for earlier discussions. Then LFV observables, which are
generally not suppressed, come into play. For MI ≪ mW , the only relevant constraints
from LFV observables come from lepton universality in meson and τ -decays and CKM
unitarity. The degree of saturation for these observables tends to be Si ∼ 10−1 over wide
ranges of MI , which is mainly driven by the deviations of the observed rates from the
SM prediction . Improving the bounds on lepton universality and CKM unitarity may
therefore be an interesting target in order to further constrain the seesaw mechanism in
the future. For MI ∼ mW , the constraint from µ→ eγ decays and electroweak precision
data are also significant.
Most saturated bounds - In our main scan, we randomised the parameters in (25),
using flat probability distributions in MI and ωij. With this measure, the vast majority
of parameter choices do not correspond to approximate B−L conservation, and the 0νββ
bound tends to be saturated (S0νββ & 1). The approximately B − L-conserving regions
in parameter space are very small and only consists of “narrow funnels”. Near these
funnels, the LNV observables are very sensitive to changes in the LNV parameters in
(34), which can be related to e−|Imωij | and |MI −MJ |/(MI +MJ). Whenever the scan
happens to generate an approximately B−L-conserving parameter choice in a given MI -
bin, LNV observables can be avoided and LFV observables are the most saturated ones.
For most values of MI these are lepton universality bounds, and a green dot appears in
that mass bin in the upper panel of the corresponding figure. In all other cases, the 0νββ
bound is the most saturated, and the dot indicating the largest active-sterile mixing in
the upper panel is red. The strong dependence of the LNV observables on Imωij and
|MI −MJ |/(MI +MJ ) near the parameter regions where B − L is conserved allows to
explain the large scattering in the values of mee and the random distribution of green and
red points, which are visible in the upper panels of figures 5-20. This is further illustrated
in Fig. 22.
Radiative corrections to neutrino masses - As pointed out in section 3.3, values
of U2αI that significantly deviate from the “naive seesaw” expectation U
2
αI ∼ (m2atm +
m2lightest)
1/2/MI can lead to large radiative corrections to the light neutrino masses mi.
By using the radiatively corrected Casas-Ibarra parametrisation (25) in our main scan,
we are guaranteed that the eigenvalues of mν = m
tree
ν + δm
1loop
ν remain consistent with
neutrino oscillation data even if one-loop corrections to mν are not small. Consistency
with the data can be realised in two ways. In the B − L-conserving limit, the symmetry
guarantees that mtreeν and δm
1loop
ν are small individually. In this case neutrino masses
remain “naturally” small, and neutrino oscillation data does not impose an upper limit
on U2αI . Without a protecting symmetry, large U
2
αI can only be made consistent with
small mi if there are accidental cancellations in mν that keep the mi small even if m
tree
ν
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Figure 22: A zoom into the lower left panel of Fig. 19. The degrees of saturation for
lepton universality (green lines) and CKM unitarity (yellow line) for the parameter choices
that maximise U2I are more or less constant in the mass range we consider. The value of
mee fluctuates, depending on whether approximate B − L-conservation is realised for the
parameter choice found in the scan that maximises U2I . The situation is similar for the other
benchmark scenarios.
and δm1loopν individually have larger eigenvalues. Such cancellations are generally thought
to be fine tuned. figures 5-20 do not allow to distinguish these cases; by using (25), we do
not prohibit or penalise accidental cancellations, and it is not possible to see how “tuned”
the parameter choices that lead to comparably large mixings are. Fig. 21 shows that, for
MI of a few GeV, values U
2
eI > 5 × 10−7 can only be made consistent with experiment
if there is a mass degeneracy |MI −MJ |/(MI +MJ) < 10−2. One could therefore argue
that U2eI ∼ 10−7 is a reasonable estimate of the maximal active-sterile mixing angle that
can be realised without tuning or a protecting symmetry.
8.3 Dependence on the neutrino mass spectrum
Choice of heavy neutrino mass range - The choice of Mmax appears to have no sig-
nificant effect on the upper bounds on U2αI . This can easily be understood qualitatively.
The direct search bounds using particle kinematics are independent of the choice of bench-
mark scenario. The indirect constraints on the mass and mixing of an individual NI from
lepton number and flavour violation are affected by the properties of another NJ 6=I most
strongly if there are cancellations in (40), (41) etc. This can most easily be realised if two
of the NI have quasi-degenerate masses. If the mass splittings are large, the entries of
Θ tend to correspond to the “naive seesaw expectation”. Hence, the constraints on U2αI
from most experiments (except neutrino oscillation data) are relatively independent of
the properties of other RH neutrinos with masses MJ ≫ MI , and therefore independent
of Mmax.
Absolute light neutrino mass scale - The absolute neutrino mass scale mlightest has
a significant effect on the combined constraints.
• As already pointed out in Sec. 8.1, this parameter governs the lower bound on U2I
from neutrino oscillation data. If mlightest is near the current upper cosmological
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limit, direct search experiments in the foreseeable future have a chance to reach this
lower bound.
• The absolute neutrino mass scale also affects the parameter space for large mixings.
In the mass interval MI < mD the dependence on the absolute neutrino mass scale
is most visible in the bounds on U2τI because this element is much less constrained
by direct searches. The way how indirect constraints translate direct search bounds
on U2eI and U
2
µI into an upper bound on U
2
τI depends on mlightest. If the lightest
neutrino is massless, then it is clear from (25) that F has a vanishing eigenvalue,
and therefore also Θ†Θ has a vanishing eigenvalue. Then there exists a direction in
sterile flavour space (a linear combination of the NI) that does not couple to active
flavours, and neutrino masses mi are only generated by two linearly independent
sterile flavour eigenstates. Similar to the n = 2 scenario, this implies tight relations
between U2τI and U
2
eI , U
2
µI . These translate the direct search bounds on U
2
eI and
U2µI into a bound on U
2
τI . It is dominated by the (weaker and hence more relevant)
upper bounds on U2µI . If the lightest neutrino is not massless, then there is more
freedom. However, the remaining indirect bounds prohibit arbitrarily large Imωij,
therefore the bounds on U2µI still leave a visible imprint in the combined bounds on
U2τI . The bounds on U
2
I also depend on the absolute neutrino mass scale because
weak bounds on U2τI automatically imply weak bounds on U
2
I .
• By comparing Figs. 13 and 15, one can see that the choice of mlightest also affects
the allowed parameter space near mW . The choice mlightest = 0 leads to stronger
constraints, probably for the same reasons as discussed in the previous point.
Light neutrino mass hierarchy - The choice of active neutrino mass hierarchy does
not appear to have a huge impact on the combined constraints on heavy neutrinos. For
mlightest = 0, the scan appears to find large U
2
eI more efficiently for inverted hierarchy.
The difference between the hierarchies may become more relevant in the future, when the
constraints on mee and mlightest become stronger. If only the light neutrino contribution
to (41) is taken into account, it is well known that the allowed range of mee for normal
and inverted hierarchy differs if mlightest < 0.1 eV.
8.4 Implications for future experiments
Neutrinoless double β decay - If only the light neutrino contribution24
mνee ≡
∑
i
mi(Uν)
2
αi (82)
to mee in (41) is taken into account, it should not be possible to impose any constraints
on neutrino properties from 0νββ decays: for both hierarchies, the range of values of mee
that are consistent with the cosmological limit on mlightest < 0.23 eV [283] lie below the
current upper bound on mee < 0.2 eV [186]. Hence, it seems surprising that this upper
bounds imposes significant constraints on U2eI even for mlightest = 0. The reason is that
both, radiative corrections and the contribution from NI-exchange, can affect mee, as it
has previously been pointed out in [129]. To see this, one can use (36) to rewrite (41),
24 It is important to distinguish the quantity mνee in (82) from the element (mν)ee of the light neutrino
mass matrix (8).
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mee =
∣∣∣∣∣mνee + fA(M¯)
∑
I
MIΘ
2
eI +
∑
I
MIΘ
2
eI [fA(MI)− fA(M¯)]
∣∣∣∣∣ (83)
=
∣∣∣∣∣[1− fA(M¯)]mνee + (δm1loopν )eefA(M¯) +
∑
I
MIΘ
2
eI [fA(MI)− fA(M¯)]
∣∣∣∣∣ .
Here M¯ is an arbitrary reference mass. The first term in the second line is always smaller
than mνee. The second term is a radiative correction and usually neglected. The third
term can have either sign. For MI ≪ 100 MeV, one can approximate fA(MI) = 1. If
this is true for all MI , then one can immediately see that mee = |(δm1loopν )ee|. This
is in principle interesting, but is disfavoured by cosmological data [20]. In the limit of
superheavyMI one essentially recovers mee = |mνee| due to the suppression by the function
fA. However, for MI in the range we consider here, the second and third term can give
a sizable positive contribution to mee. This effect is strongest in the fine tuned scenarios
where there are accidental cancellations in mν that keep neutrino masses small in spite of
large U2αI . This can be seen as follows. Since both terms are of order O[Θ2],25 they can
only give a sizable contribution if there are some cancellations in mν that allow values
of individual elements FαI to be much larger than the naive seesaw expectation F0. If
these cancellations are protected by a symmetry (B − L conservation), then the two
heavy neutrinos with large mixings (let’s say N2 and N3) must have degenerate masses
(|M2−M3| ≃ µi ≪ M2,M3 ≃M), and the third one must have a very small mixing angle
(U21α ≪ U22α, U23α), see section 3.3. In this case all terms involving N1 can be neglected
because of the tiny Θ1α ∝ ǫα, ǫ′α ≪ 1. Choosing M¯ = (M2 +M3)/2, we can suppress
the contributions from N2 and N3 to the third term due to the mass degeneracy. Finally,
δm1loopν is protected by the symmetry, meaning that the second term cannot be large.
On the other hand, both, the second and third term on the right hand side of (83)
can be unsuppressed if the cancellations in mν are accidental (or the B − L breaking
parameters are relatively large). One would naively think that the suppression by fA
implies that this is only possible for MI near 100 MeV. However, since mi ≪ MI , it is
easy to see that MIfA(MI) ≫ mi, and the contribution from sterile neutrino exchange
can dominate when fA(MI)MI/mi ≫ Θ2eI . With a mass degeneracy of 10−3 and all
Imωij ∼ 3 − 5, contributions from individual NI are much bigger than those from light
neutrino exchange (|fA(MI)
∑
I MIΘ
2
eI |/|mνee| > 104) if the total sum mee is comparable
to the experimental bound. This allows for mee ≫ |mνee| and observable 0νββ decay in
the entire mass range mπ < MI < mW we consider. In these scenarios, U
2
eI is constrained
from above by the bound on mee, and future experiments [284] could see 0νββ decay in
a region that appears forbidden if one uses the standard expression |mνee| instead of the
full one (83) . In contrast and as stated above, in the symmetry protected case, searches
for 0νββ decay are not able to constrain U2αI .
Lepton universality - For the parameter choices that maximise the U2αI , the saturation
(80) of the constraint on the quantities ∆rpiµe is around ∼ 0.2 in the entire mass range
we consider. Similarly, the bounds on ∆rKµe and ∆r
τ
µe tend to be saturated at a level
∼ 0.1. This saturation is mainly driven by a discrepancy between the observed values
25Recall that δm1loopν is given by (12).
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and the SM predictions, which at least partly could be related to the existence of heavy
neutrinos. There are several experiments that can improve these constraints. For pions,
these include PIENU at TRIUMF [285]26 and PEN at PSI [287]. For kaon decays, there
are E36 at JPARK [288] and NA62 at CERN [289]. The constraints may also be improved
by the ORKA experiment at FNAL [290]. While none of these experiments is likely to
rule out the SM for any of the parameter choices in our scan, deviations from the SM at
a tentative level of significance are possible [107]. Future searches for lepton universality
violations therefore remain to be a promising approach to test the low scale seesaw. This
in particular applies to the approximately B − L conserving limit, in which the (usually
stronger) constraints from 0νββ decays can be avoided.
Collider searches - Most searches at colliders are focused on LNV processes, such as
pp → W ∗ → Nℓ± → ℓ±ℓ±jj (for M above the electroweak scale) or B± → µ±N →
µ±µ±π∓ (for M ∼ GeV). The LNV is considered as “smoking gun” signals for heavy
Majorana neutrinos because the only source of LNV in the SM, the sphaleron process,
is strongly suppressed at temperatures below the electroweak scale. Hence, there is no
SM background other than detector effects for LNV signals.27 However, our results show
that consistency of experimentally accessible U2αI with neutrino oscillation data and non-
observation of neutrinoless double β decay requires the implementation of an approximate
lepton number conservation in the seesaw mechanism, which would effectively suppress
all LNV signals. Though this point had been noticed before [35, 44, 46, 54, 87, 291–293],
it has not been fully appreciated by the experimental collaborations so far. Experiments
that probe the mass range we consider with mixing angles U2αI > 10
−7 should therefore
look for signatures that do not rely on LNV, including LFV processes, displaced vertices
or kinematic observables. The perspectives for such searches have been studied for hadron
colliders [61, 65, 70, 73, 164] as well as lepton colliders [78, 92, 166, 167].28
8.5 Summary
Mixing U2eI with electron flavour - Very strong constraints on U
2
eI have been derived
from neutrinoless double β decay in the past [25, 103] under the assumption that there
is only one sterile neutrino (n = 1). For n > 1 they are much weaker because LNV
signatures can be suppressed if there is an approximately conserved quantum number
B − L. Without such symmetry, values of U2eI that greatly exceed the bounds shown in
[25, 103] can only be realised at the cost of considerable parametric tunings.
Radiative corrections δm1loopν to the light neutrino masses are suppressed ifMI/mW ≪
1. This suppression becomes inefficient for MI & 10 GeV. As a result, the combination
of 0νββ decay and neutrino oscillation data prohibit large U2eI unless there is either an
approximate B − L conservation or (fine tuned) accidental simultaneous cancellations in
both, mee and mν .
• For MI < mK , the upper bounds essentially coincide with the direct search bounds
at U2eI . 10
−9 − 10−8.
26While this work was being in progress the error bar on (51) has been reduced by almost a factor 2
[286].
27Let us recall that, in our conventions, the light neutrinos are massless in the SM, and that it is not
clear at this stage whether light neutrino masses violate lepton number at all.
28The mass range MI > mW has been subject to a larger number of studies for hadron colliders
[46, 60, 68, 70, 71, 242, 257, 294] and lepton colliders [60, 75–77, 77, 79, 80, 253].
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• For mK < MI . 1.5 GeV, the direct search constraints are weaker (U2eI . 10−7 −
10−6). The upper bounds essentially coincide with these direct search bounds if there
is an approximate B − L-conserving symmetry. Without a protecting symmetry, it
is very difficult to make U2eI > 10
−7 consistent with the observed mee and mν , see
Fig. 21.
• For 1.5GeV . MI . mD, the upper bounds essentially coincide with the direct
search bounds at U2eI . 10
−7.
• In a small mass region near MI & mD, the combination of the CHARM-bound on
the quantity (77) imposes a stronger constraint on U2eI than the direct search alone.
• For mD < MI < mB the direct search constraints are weaker (U2eI . 10−5 − 10−4).
The upper bounds essentially coincide with these direct search bounds if there is
an approximate B − L-conserving symmetry. Without a protecting symmetry, it is
very difficult to make mixings U2eI > 10
−7 consistent with the observed mee and mν ,
see Fig. 21.
• For mB < MI ≪ mW , the situation is similar to the region mD < MI < mB, but
appears to be easier to circumvent the bound onmee without a protecting symmetry
because of the suppression of the NI-contribution to (41) by the function fA. It is
also easier to realise larger U2eI if mlightest is larger.
• ForMI . mW , the direct search bound becomes weak, and indirect constraints from
µ→ eγ searches, lepton universality and CKM unitarity dominate. For mlightest = 0
and normal mi-hierarchy, we found almost no allowed parameter choices with U
2
eI >
5× 10−5. In the other scenarios, it seems to be easier to realise mixings as large as
U2eI ∼ 10−4, but we still found only few.
Mixing U2µI with muon flavour - In almost the entire mass region we considered,
the upper bound on U2µI can be obtained by simply superimposing the known direct
search bounds. Large values of U2µI can be made consistent with small neutrino masses
mi if these are protected by an approximate B − L symmetry or if there are accidental
cancellations in mν . In comparison to U
2
eI , less parametric tuning is needed to reach
large values of U2µI without a protecting symmetry because cancellations only need to
occur in mν . In comparison, to achieve large values of U
2
eI without protecting symmetry,
one needs simultaneous cancellations in mν as well as mee. This is clearly visible in the
better convergence of the scan towards the upper direct search bounds. As pointed out
in section 8.3, the choice of mlightest affects the convergence: It is excellent if the lightest
neutrino is massless. If it is massive, the convergence is slightly worse. There are only
two mass regions in where the above statement does not apply:
• In a small mass interval near MI ∼ mD, an upper bound on U2µI (similar to U2eI)
can be derived from the combination of the the CHARM bounds on the quantity
(77), which extend to slightly higher masses than the NuTeV bounds on U2µI itself,
and all other constraints.
• For MI near the W mass, the direct search bound becomes weak and indirect con-
straints from lepton universality, CKM-unitarity and µ → eγ searches dominate.
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They do not appear to impose a strict upper bound which is stronger than that
from CMS, but make it difficult to realise mixings larger than U2µI ∼ 10−4.29
Mixing U2τI with tau flavour - For n = 2 the bounds on U
2
eI and U
2
µI strongly constrain
the comparably weak direct bounds on the mixing U2τI . This appears to already rule out
the mass region below MI ≃ 240 MeV if one takes the BBN bounds literally [107].
The reason is that the parameter space for n = 2 is sufficiently small that neutrino
oscillation data prohibits large hierarchies between the mixings of a given heavy neutrino
with different active flavours, see section 6.1. This is not the case for n = 3: The upper
bound on U2I lies above the lower bound from BBN even for MI < 240 MeV because
U2τI can be comparably large. Hence, we cannot deduce a lower bound on MI within the
mass intervals we studied for the general n = 3 scenario. However, we can still obtain
non-trivial constraints on U2τI .
• In the entire mass region MI < mD, combining all direct and indirect search con-
straints does allow to impose stronger upper bounds U2τI than any individual mea-
surement in all scenarios. These are orders of magnitude stronger than the known
direct constraints and mainly come from the combination of neutrino oscillation
data and direct search bounds on U2eI and U
2
µI . For MI < mK they can be as strong
as U2τI < 10
−8, for mK < MI < mD they are weaker (U
2
τI < 10
−7 − 10−6).
• For MI > mB the behaviour is qualitatively the same as for U2µI .
9 Conclusions
The properties of heavy sterile neutrinos in the minimal seesaw model can be constrained
by combining various experimental and cosmological data sets, as illustrated in Fig. 1.
In the present work, we focused on the case with three heavy neutrinos and Majorana
masses MI between the pion and W boson masses. Our analysis extends previous studies,
which were mostly performed under the assumption that there are only one or two heavy
neutrinos, and includes updated experimental data from neutrino oscillation experiments,
direct searches at colliders and fixed target experiments, searches for rare lepton decays,
electroweak precision data, neutrinoless double β decay and lepton universality. In spite
of the fact that the combination of different observables imposes considerable constraints
on the model parameters, we find that they do not impose much stronger bounds on the
magnitude of the heavy neutrino mixings U2αI . This is in stark contrast to the scenario
with n = 2, where the combination of known direct and indirect constraints leads to much
stronger bounds on the magnitude of the U2αI than one may expect from considering them
individually.
One reason is that scenarios with several heavy neutrinos contain parameter space
regions in which lepton number is approximately conserved, which allows to circumvent
all constraints from lepton number violating observables. This in particular applies to
neutrinoless double β decay and radiative corrections to light neutrino masses. Because
29 In [76], much stronger bounds on U2µI have been derived. Our results do not appear to be in contrast
with those because they were derived under the assumption of the non-zero U2eI preferred by the global
scan in [124], which is found at a low statistical significance that does not affect the conditions we imposed
in our scan.
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of this, the combined upper bound on the mixings U2eI and U
2
µI of heavy neutrinos with
electron and muon flavour are dominated by the direct search constraints for most choices
of MI . The combined direct and indirect constraints on U
2
τI in the region MI < mD, on
the other hand, are orders of magnitude stronger than the direct search bounds alone.
Another reason for the weaker bounds in scenarios with three or more heavy neutrinos
lies in the seesaw relation, which constrains the mixing angles of heavy neutrinos with
individual light flavours due to the requirement to explain light neutrino oscillation data.
In scenarios with only two heavy neutrinos this relation does not only imply that the
lightest active neutrino must be massless, it also allows to impose lower bounds on the
mixings of sterile neutrinos with individual active flavours. Due to the larger parameter
space, these lower bounds are much weaker with three heavy neutrinos and can be entirely
avoided if the lightest neutrino is massless. A lower bound can, however, still be imposed
on the sum U2I = U
2
eI + U
2
µI + U
2
τI of the mixings with different active flavours.
Mixing angles larger than U2αI ∼ 10−7 − 10−6 generally require a parameter tuning to
avoid large neutrino masses and observable neutrinoless double β decay unless there is a
protecting symmetry (approximate B − L-conservation). An interesting consequence is
that the combined constraints from direct searches, neutrino oscillation data and neutri-
noless double β decay can be a factor 2 stronger than the upper bound on U2αI from direct
searches quoted in the literature: To avoid large neutrino masses, two of the heavy neutri-
nos NI and NJ must have degenerate masses. If these cannot be resolved experimentally,
then the direct search bound should be applied to the sum U2αI + U
2
αJ . Since the allowed
parameter space for mixings larger than than U2αI ∼ 10−6 consists only of rather specific
regions in which the violation of B − L is suppressed, it can probably be considerably
constrained (or even excluded) if one imposes additional requirements (besides explain-
ing the observed neutrino masses). Examples for such additional requirements could be
successful low scale leptogenesis or a theoretical prejudice on the flavour structure of the
Yukawa coupling and Majorana mass matrices from model building.
There are several existing and upcoming collider experiments which are capable of
probing significant fractions of the allowed parameter space. The NA62 experiment may
close the gap between the upper bound on U2e and U
2
µ from experiment and the lower
bound from BBN for MI below the kaon mass for scenario A, thus excluding part of the
mass range we consider. The proposed SHiP experiment at CERN could probe most of
the parameter space for MI below the D meson mass. A part of this region will also be
accessible to a SHiP-like experiment using the DUNE beam. If the mass mlightest of the
lightest SM neutrino is near the cosmological upper bound, a realistic improvement of the
current SHiP design could reach down to the lower bound on U2I from neutrino oscillation
data. SHiP could also improve the sensitivity of past searches in the mass range between
the D meson and B meson masses by 2-4 orders of magnitude. Heavy neutrinos with larger
masses can be searched for in gauge boson decays at LHC. A powerful lepton collider,
such as the ILC or the proposed FCC-ee, or the CEPC would, however, be several orders
of magnitude more sensitive than the LHC. A discovery at any of these experiments would
be of great importance, as it could unveil the origin of neutrino masses.
The vast majority of past searches has been focused on LNV processes, which are
viewed “smoking gun” signals for heavy Majorana neutrinos. However, our results con-
firm the result of earlier studies that consistency of experimentally accessible U2αI with
neutrino oscillation data and non-observation of neutrinoless double β decay requires the
implementation of an approximate lepton number conservation in the seesaw mechanism,
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which would effectively suppress all LNV signals. Experiments that probe mixing angles
U2αI > 10
−7 should therefore look for signatures that do not rely on LNV, including LFV
processes, displaced vertices or kinematic observables (e.g. “peak searches”).
Apart from direct searches in these collider or fixed target experiments, indirect probes
that can pick up the traces of heavy neutrinos will considerably gain sensitivity in the
future. This includes future neutrinoless double β decay searches, searches for violation
of lepton universality in the decays of mesons and τ leptons, rare LFV decays and muon-
to-electron conversion in nuclei.
In addition to neutrino oscillations, low scale leptogenesis is one key motivation to
search for heavy neutrinos with masses below the electroweak scale. Previous studies that
aimed to identify the parameter region where leptogenesis is possible did not incorporate
all bounds self-consistently. Direct search constraints were simply superimposed on the
projection of the leptogenesis region on the mass-mixing plane after the completion of the
parameter scan. It would be interesting to perform a parameter scan that consistently
incorporates all constraints we discuss here and the requirement to explain the observed
BAU. This may reduce the viable leptogenesis parameter space in comparison to previous
estimates. Such a study would be crucial to evaluate the perspectives for future collider
searches to unveil the origin of matter in the universe.
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